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A series of sustainable polycyclobutane (PCB) materials were prepared from biomass-
based chemicals by [2 + 2] photocycloaddition reaction in sunlight/floodlight or 
conventional organic synthesis. At the beginning, a family of gemini monomers was 
synthesized from furfural, which can be obtained from corncobs. First, a photoreactive 
building block, 3-(2-furyl)acrylic acid also called (E)-3-(furan-2-yl)acrylic acid,  was 
synthesized from furfural and malonic acid. Five photostable diols were used to connect 
two photoreactive building blocks to obtain the monomers. These synthesized monomers 
were characterized by NMR, UV-Vis and FT-IR spectroscopy, XRD, P-XRD, TGA, and 
DSC. The photoreaction was monitored by FT-IR spectroscopy and the results indicated 
that all of the monomers were photoreactive. XRD analysis suggested that these monomers 
can be used to synthesize polyladderanes and linear polyesters. Monomer (2E,2'E)-butane-
1,4-diyl bis[3-(furan-2-yl)acrylate] formed a polyladderane. Two pieces of independent 
evidence were obtained, single-crystal-to-single-crystal (SCSC) and a dimer intermediate. 
Monomer (2E,2'E)-pentane-1,5-diyl bis[3-(furan-2-yl)acrylate] formed a linear polyester 
thermoplastic. Both the polyladderane and linear polyesters are amorphous. TGA and DSC 
showed they decomposed around 300 oC. 
Two-dimensional (2D) polymers were synthesized from cinnamic acid, which can be 
obtained from cinnamon and from a byproduct of biofuels manufacture. Four molecules of 
cinnamic acids were linked with a durene group through nuclear substitution reaction. This
xxiv 
 
four-armed monomer provided four reacting centers, which was the key forming a 2D 
polymer. The obtained 2D polymer was insoluble in most common organic solvents. The 
thin layered 2D polymer was observed under TEM and SEM after exfoliation in DMF and 
H2O. The key hydrolysis product trans-2,4-diphenylcyclobutane-1,3-dicarboxylic acid or 
alpha-truxillic acid was captured, which proved the newly formed cyclobutane rings.  
The alpha-truxillic acid has two carboxylic groups on the opposite sides of the 
cyclobutane rings which, provided a semi-rigid structure. This diacid is one of the family 
members of cyclobutane-diacids (CBDA). This class of diacid can be used to synthesize 
thermoplastics through conventional synthetic method. Four polyesters, PEAT, PBAT, 
PPAT5 and PHAT, were successfully prepared from trans-2,4-diphenylcyclobutane-1,3-
dicarboxylic acid (CBDA-1) by coupling reactions. TGA showed a high thermostability of 
these polymers. DSC results showed glass transition temperature decreased as the carbon 






SYNTHESIS OF GEMINI MONOMERS FROM BIOMASS-BASED FURFURAL 
1.1. Introduction 
Over the past three decades, more than 85% of the world’s energy requirement was met 
by fossil fuels and the world depends more and more on petroleum as its main source of 
chemicals.1-8 The strong growth of energy demand and irreversible consumption of fossil 
fuels require the development of new materials from sustainable sources.9-13 Furfural, one 
of the top valued renewable chemicals, is present in a variety of agricultural byproducts 
such as wheat bran, corncobs, and sawdust.14, 15 It provides a renewable platform for the 
synthesis of new materials and has widely attracted attention of academic and industrial 
researchers.3-6, 13-23  A series of monomers can help scientists explore the properties of 
chemicals such as odd-even effect and new materials design.24-26 In addition, the series 
synthesis of monomers will help researchers reveal the relationship between monomers 
and polymeric materials, which will benefit people working in crystal engineering field, 
materials field, etc.27, 28  
Gemini monomers are a class of molecules with two reactive centers, each capable of 
forming multiple covalent bonds (Figure 1).29-32 Polymerization of these compounds 
results in the formation of rigid or semi-rigid moieties in the polymer chain (Figure 1). 
With proper design, this feature could be exploited to yield durable polymers derived from 
renewable materials, with unique properties and applications.2, 5, 6, 12, 22, 33, 34 Symmetrical 
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gemini monomers can be synthesized by connecting identical reactive units with a linker 
molecule of variable length and character. This simple, modular design allows multiple 
compounds to be synthesized by the same reaction method, which makes it convenient for 
comparative study. 
 
Figure 1. Diagrammatic sketch of gemini monomers used for synthesizing polymers in the 
solid-state. Energies used for polymerization can be heat, ultraviolet light, visible light, etc. 
 
Synthesizing gemini monomers from biomass-based furfural is not only beneficial to 
material design but also beneficial to the sustainable future. In order to reduce the 
possibility for polymer cyclization and cross-linking, photopolymerization in the solid-
state was chosen.35-42 The crystal packing of the monomer units has a direct effect on their 
bonding pattern in a solid-state reaction, an integral property that determines the character 
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of the polymer product. Small alterations in the structure of monomer units can have 
dramatic effects on their crystal packing.42-49 The simplicity and flexibility of symmetrical 
gemini monomer synthesis allow for careful manipulation of the monomers' chemical 
structure. For example, long linker molecules cause the properties of the reactive centers 
to be accentuated, encouraging head-to-tail packing. Using shorter linker makes the 
monomers more rigid. 
 
1.2. Experimental Section 
1.2.1. General Methods 
All the reagents were purchased from Alfa Aesar, Sigma-Aldrich and used without further 
purification. The solution phase nuclear magnetic resonance (NMR) spectra were recorded 
with a Bruker AVANCE 500 MHz NMR Spectrometer (1H: 500 MHz, 13C: 125 MHz). All 
spectra were obtained in deuterated dimethyl sulfoxide (DMSO-d6). Single crystal X-ray 
data were recorded on a Bruker Kappa Apex II Duo X-ray diffractometer with Mo Kα (λ = 
0.71073 Å) or Cu Kα (λ = 1.54178 Å). Melting points were measured on a MEL-TEMP 
device without correction. Infrared (IR) spectra was recorded on a Thermo Scientific 
Nicolet iS5 FT-IR spectrometer. The mass spectrometric analyses were performed using a 
high-resolution time of flight G1969A mass spectrometer with electrospray (atmospheric 
pressure chemical) ionization (Agilent, Santa Clara, CA, USA) and reported as m/z. X-ray 
powder diffraction (P-XRD) analysis was performed on an X’PERT-PRO X-ray 
diffractometer (PANalytical, Netherlands) equipped with a 3 KW copper tube X-ray 
generator of λ = 0.1541 nm under 40 mA and 45 KV. Spectrum were collected at room 
temperature in a 2θ range of 3°~35° at a scanning rate of 3°/min. Thermogravimetric 
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analysis (TGA) was tested with a TA instrument SDT Q600 at a ramping rate 20 oC/min 
under nitrogen protection. Accurate masses are reported for the molecular ion [M+Na]+ or 
[M]+. 
1.2.2. Synthesis of (E)-3-(Furan-2-yl)acrylic Acid or 2-Furanacrylic Acid (3) 
Furfural (1) (1.0 g, 10 mmol) and malonic acid (2) (1.6 g, 15 mmol) were added to pyridine 
(20 mL). The mixture was stirred at 100 oC for 14 h. The mixture was poured into ice water 
(100 mL) and the aqueous was adjusted to pH value 2. The aqueous solution was extracted 
with ethyl acetate (100 mL × 3) and the combined organic layers were washed with brine, 
dried over sodium sulfate and concentrated to give product (E)-3-(furan-2-yl)acrylic acid 
(3) (1.1 g, 77%) as a white solid.50, 51 1H-NMR (500 MHz, DMSO-d6): δ 12.41 (s, 1H), 
7.84 (s, 1H), 7.38 (d, J = 16 Hz, 1H), 6.93 (d, J = 3.5 Hz, 1H), 6.62-6.63 (dd, J = 1.5 Hz, J 
= 1.5 Hz, 1H), 6.15 (d, J = 16 Hz, 1H); 13C-NMR (125 MHz, DMSO-d6): δ 167.7 (C), 
150.7 (C), 146.1 (CH), 131.2 (CH), 116.3 (CH), 115.9 (CH), 113.1 (CH). 
1.2.3. Synthesis of Monomer (2E,2'E)-Methylene bis[3-(furan-2-yl)acrylate] (4) 
(2E,2'E)-Methylene bis[3-(furan-2-yl)acrylate] (4): (E)-3-(Furan-2-yl)acrylic acid (3) (1.8 
g, 13 mmol), dibromomethane (1.0 g, 5 mmol) and CsF (4.4 g, 28 mmol) were added to 
dimethyl sulfoxide (40 mL). The mixture was stirred at 120 oC for 3 hrs. Then the reaction 
solution was poured into water (100 mL) and the precipitate was filtered out to give 
monomer 4 (1.4 g, 84%) as a light yellow solid. M.p.: 116-117 °C; 1H-NMR (500 MHz, 
DMSO-d6): δ 7.89 (s, 2H), 7.56 (d, J = 15.5 Hz, 2H), 7.05 (d, J = 6.5 Hz, 2H), 6.67 (dd, J 
= 1.5 Hz, J = 1.5 Hz, 2H), 6.24 (d, J = 15.5 Hz, 2H), 5.93 (s, 2H); 13C-NMR (125 MHz, 
DMSO-d6): δ 165.1 (C), 150.3 (C), 146.9 (CH), 133.3 (CH), 117.6 (CH), 113.5 (CH), 113.4 
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(CH), 79.8 (CH2); HRMS (m/z): [M+Na]+ calcd. for C15H12O6Na, 311.0531; found 
311.0532. 
1.2.4. General Procedure for Synthesis of Monomers 5, 6, 7, 8, and 9 
(2E,2'E)-Ethane-1,2-diyl bis[3-(furan-2-yl)acrylate] (5): (E)-3-(furan-2-yl)acrylic acid (2.8 
g, 20 mmol), ethylene glycol (0.6 g, 9 mmol), DCC (4.4 g, 21 mmol) and DMAP (2.9 g, 
24 mmol) were added into chloroform (20 mL). The mixture was stirred at room 
temperature for 12 h. Then the reaction mixture was concentrated. The residue was purified 
via column chromatography with ethyl acetate and hexane (5 : 1) to give monomer 5 (2.3 
g, 78%) as a yellow solid. M.p.: 96-97 °C; 1H-NMR (500 MHz, DMSO- d6): δ 7.87 (s, 2H), 
7.48 (d, J = 15.5 Hz, 2H), 7.00 (d, J = 3.5 Hz, 2H), 6.64-6.65 (dd, J = 1.5 Hz, J = 1.5 Hz, 
2H), 6.27 (d, J = 16 Hz, 2H), 4.40 (s, 4H); 13C-NMR (125 MHz, DMSO-d6): δ 166.3 (C), 
150.5 (C), 146.6 (CH), 132.1 (CH), 116.7 (CH), 114.6 (CH), 113.2 (CH), 62.6 (2CH2); 
HRMS (m/z): [M+Na]+ calcd. for C16H14NaO6, 325.0688; found 325.0709. 
(2E,2'E)-Propane-1,3-diylbis[3-(furan-2-yl)acrylate] (6): A yellow solid (1.7 g, 85%). M.p.: 
78-79 °C; 1H-NMR (500 MHz, DMSO-d6): δ 7.84 (s, 2H), 7.46 (d, J = 15.5 Hz, 2H), 6.95 
(d, J = 3.5 Hz, 2H), 6.62-6.63 (dd, J = 1.5 Hz, J = 1.5 Hz, 2H), 6.21 (d, J = 16 Hz, 2H), 
4.24 (t, 4H), 2.00-2.03 (t, 2H); 13C-NMR (125 MHz, DMSO-d6): δ 166.3 (C), 150.5 (C), 
146.4 (CH), 131.7 (CH), 116.5 (CH), 114.9 (CH), 113.2 (CH), 61.6 (2CH2), 28.0 (CH2); 
HRMS (m/z): [M+Na]+ calcd. for C17H16NaO6, 339.0844; found 339.0816. 
(2E,2'E)-Butane-1,4-diyl bis[3-(furan-2-yl)acrylate] (7): A yellow solid (3.4 g, 93%). M.p.: 
114-115 °C; 1H-NMR (500 MHz, DMSO-d6): δ 7.85 (s, 2H), 7.46 (d, J = 15.5 Hz, 2H), 
6.97 (d, J = 3.5 Hz, 2H), 6.63-6.64 (dd, J = 1.5 Hz, J = 1.5 Hz, 2H), 6.22 (d, J = 15.5 Hz, 
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2H), 4.17 (t, J = 5 Hz, 4H), 1.72-1.73 (m, 4H); 13C-NMR (125 MHz, DMSO-d6): δ 166.4 
(C), 150.5 (C), 146.4 (CH), 131.6 (CH), 116.5 (CH), 115.0 (CH), 113.2 (CH), 64.0 (2CH2), 
25.3 (2CH2); HRMS (m/z): [M+Na]+ calcd. for C18H18NaO6, 353.1001; found 353.0924. 
(2E,2'E)-Pentane-1,5-diyl bis[3-(furan-2-yl)acrylate] (8): A yellow solid (1.4 g, 84%). M.p.: 
66-67 °C; 1H-NMR (500 MHz, DMSO-d6): δ 7.85 (s, 2H), 7.45 (d, J = 15.5 Hz, 2H), 6.97 
(d, J = 3.5 Hz, 2H), 6.63-6.64 (dd, J = 1.5 Hz, J = 1.5 Hz, 2H), 6.21 (d, J = 15.5 Hz, 2H), 
4.13-4.15 (m, 4H), 1.65-1.70 (m, 4H), 1.41-1.44 (m, 2H); 13C-NMR (125 MHz, DMSO-
d6): δ 166.4 (C), 150.5 (C), 146.4 (CH), 131.5 (CH), 116.4 (CH), 115.1 (CH), 113.1 (CH), 
64.2 (2CH2), 28.2 (2CH2), 22.3 (CH2); HRMS (m/z): [M+Na]+ calcd. for C19H20O6Na, 
367.1157; found 367.1119. 
(2E,2'E)-Hexane-1,6-diyl bis[3-(furan-2-yl)acrylate] (9): A yellow solid (2.1 g, 87%). M.p.: 
64-65 °C; 1H-NMR (500 MHz, DMSO-d6): δ 7.83 (s, 2H), 7.47 (d, J = 15.5 Hz, 2H), 6.96 
(d, J = 3.5 Hz, 2H), 6.62-6.63 (dd, J = 1.5 Hz, J = 1.5 Hz, 2H), 6.21 (d, J = 15.5 Hz, 2H), 
4.10 (t, J = 6.5 Hz, 4H), 1.61-1.64 (m, 4H), 1.37 (s, 4H); 13C-NMR (125 MHz, DMSO-d6): 
δ 166.4 (C), 150.5 (C), 146.3 (CH), 131.5 (CH), 116.3 (CH), 115.1 (CH), 113.1 (CH), 64.3 
(2CH2), 28.4 (2CH2), 25.4 (2CH2); HRMS (m/z): [M+Na]+ calcd. for C20H22O6Na, 
381.1314; found 381.1314. 
1.2.5. Crystallization  
The crystals of 4-9 were obtained in ethyl acetate at room temperature. Monomers 4-9 (20 
mg) were added to solvent ethyl acetate (20 mL) respectively. The suspended mixture was 
stirred in the vial for 10 min. Then the mixture was filtered into a 20 mL vial with filter 
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paper. The vial with clear solution was allowed to stay without cover until the crystals 
formed.  
1.3. Results and Discussions 
A series of diesters were prepared to investigate the properties of various bio-based 
monomers.52-54 The photoreactive center 2-furanacrylic acid (also known as (E)-3-(furan-
2-yl)acrylic acid) (3) was synthesized from furfural (1) and another biomass-based 
chemical, malonic acid (2), by Knoevenagel condensation.2-6, 14, 19, 21, 23, 55-60 To avoid 
crosslinking and side reactions of polymerization, the linkers between the two reacting 
centers have to be photostable chemicals. In this case, alkyl diols are one of the promising 
candidates. To study the synthesis of monomers for sustainable polyesters, 
dibromomethane, 1,2-ethanediol (ethylene glycol), 1,3-propanediol, 1,4-butanediol, 1,5-
petanediol, and 1,6-hexanediol were used to connect two 2-furancrylic acids (Scheme 1).14, 
57, 61-67 In fact, the initial synthesis of monomer 4 was started from 2-furanacrylic acid (3) 
and formaldehyde. 68, 69 However, the yield is not high and the formaldehyde has high 
toxicity to the nervous system which does not meet green chemistry rules.70 An alternative 
synthetic method was applied to prepare monomer 4 which is based on the conjugated 
system of 2-furanacrylic acid. Due to the conjugation of the α-unsaturated carboxylic acid 
and furan ring, the carboxylate ion can be used as a nucleophile. Finally, synthesis of 
monomer 4 was achieved through a nucleophilic substitution reaction of 2-furanacrylic 




Scheme 1. The synthesis of monomers 4-9 from furfural. a) pyridine, 100 oC, 14 h; HCl; b) 
dibromomethane, CsF, DMSO, 120 oC, 3 h; c) HO(CH2)nOH, n =2-6, diols, DCC, DMAP, 
r.t., 8-16 h. 
 
Synthesis of monomers 5, 6, 7, 8 and 9 was started by activating 2-furanacrylic acid (3) 
and the diols used in this study were selected because they can be obtained from renewable 
resources. 57, 62, 64, 65, 71, 72 Some of the diols have been already used in different polyesters. 
For example, 1,2-ethanediol is used in polyethylene terephthalate (PET).73-75 1,3-
propanediol can be produced from corn syrup and is the main component of 
polytrimethylene terephthalate (PTT), which can be used to make carpet fibers.76 All of the 
nucleophilic substitution reactions can be completed in 8 to 16 h at room temperature with 
yields over 80%. Only the linker used in monomer 4 (dibromomethane) is not from bio-







To investigate the orientation of monomers in the solid state, single crystals suitable for 
X-ray diffraction were obtained in different solvents. Crystalline states of monomers will 
help scientists find a way to design suitable monomers and predict their potential reactions. 
Selected crystalline data are listed in Table 1. The X-ray crystal structures of seven crystals 
showed the 2-furanacrylate group with a conjugated system preferred to align in the same 
plane to achieve maximum stability (Figure 2).  
    
 
Figure 2. Oak Ridge Thermal-Ellipsoid Plot Program (ORTEP) drawing of monomer 4 
(a), 5 (b), 6 (c), and 7 (d) with thermal ellipsoids at 50% probability. 
 
Monomer 4 showed a V-shaped structure, because there is only one sp3-hybridized 
carbon between the two 2-furanacrylate groups, preventing it from achieving a planar 
conformation. It forms monoclinic crystals in the P21/n space group, with Z=15. Monomer 
5 is planar with the two carbonyl groups pointing in opposite directions, giving the 
molecule an inversion center in between the two sp3-hybridized carbons in the linker. It 







linker is twisted such that the molecule has a V shape similar to monomer 4. Also like 
monomer 4, it forms monoclinic crystals, but they are in the C2/c space group with Z=8. 
Monomer 7 has an inversion center in the middle similar to monomer 5. However, unlike 
monomer 5, the middle two carbons in the linker are twisted, making the two 2-
furanacrylate groups parallel to each other but offset from each other so the molecule is not 
planar. It also forms monoclinic crystals but in the space group P21/n with Z=4. 
 
Figure 3. ORTEP drawing of monomer 8 with polymorphs 8a (left) and 8b (right).  























Figure 4. The comparison of powder X-ray diffraction results (black) of monomer 8 
powder and simulation of polymorphs 8a (red) and 8b (blue).  
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Polymorphism was observed in monomer 8. This is the ability of a compound to 
crystallize in two or more distinct crystal structures, called polymorphs. Two crystal 
structures form 8a and 8b, which were obtained in DMSO/H2O and ethyl acetate, 
respectively. In 8a, the 5-carbon linker arranges in a zig-zag pattern, making the molecule 
planar and giving it a mirror plane of symmetry through the central carbon atom. It forms 
orthorhombic crystals in the space group Pna21 with a Z value of 4. In 8b on the other hand, 
the linker is twisted into more of a V shape. The 2-furanacrylate groups in 8b are still 
parallel to one another but are offset, making the molecule non-planar. It forms triclinic 
crystals in the P-1 space group with a Z value of only 2. The X-ray diffraction results for 
monomer 8 are shown in Figure 3. 
The monomer powders are microcrystalline. Powder X-ray diffraction (P-XRD) was 
used to study the structure of the monomer powder. The P-XRD data collected for 
monomer 8 indicated that the monomer powder has the same structure as 8a (Figure 4). 
This phenomenon may indicate that polymorph 8a is more stable that the other. Often 
polymorphous compounds form a kinetic polymorph, which crystallized more quickly but 
is not as stable, and a thermodynamic polymorph, which takes longer to form but is more 
stable.77-81 The kinetic form may convert to the thermodynamic form over time, in which 
case it would be considered metastable. Conversely, the two forms may have a small 
enough difference in free energy, but both could be considered stable.79-81 During 
crystallization, it was observed that polymorph 8a did take considerably more time to 
crystallize when compared to 8b. This shows that 8a is most likely the thermodynamic 
form. It is important to note that since the crystal structure of the monomers determines if 
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and how polymerization occurs in the solid state, different polymorphs of the same 
monomer could potentially produce different polymers with distinct properties. 
 
 
Figure 5. ORTEP drawing of monomer 9 with its unit cell (a). Isomer 9α (b) and 9β (c). 
 
Monomer 9 was shown to have two different conformational isomers in the same crystal: 
a planar one 9α similar to monomers 5 and 8a and a twisted one 9β similar to monomers 7 
and 8b, in which the 2-furanacrylate groups are parallel but offset. Interestingly, no 
polymorphism was observed (Figure 5). The two conformations exist within the same 





triclinic and forms in the space group P-1, with a Z value of 2, similar to the crystals of 
monomer 8b. 

























Figure 6. Thermostability study of monomers 4-9. 
 
Thermal gravimetric analysis (TGA) was performed to test the stability of the monomers 
at high temperatures (Figure 6). All of the monomers did not lose weight under 200 oC and 
lost most weight between 200 and 400 oC, but some decomposed at somewhat higher 
temperatures than others. It seems the monomers with an even number of carbons in the 
linker were more stable than the monomers with an odd number of carbons in the linker 
since monomers 7 and 9 decomposed at the highest temperatures. Monomers 6 and 8 
decomposed at somewhat lower temperatures. However, the least stable monomers were 4 
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and 5. This is probably because they lack flexibility due to a low number of carbons in the 
linker. 
These synthesized gemini monomers can be applied in the synthesis of polyladderane 
and linear polyesters, which will be discussed in the following chapters. For example, 
monomer 7 can be used to synthesize polyladderane. A ladderane has a unique chemical 
structure that includes two or more fused cyclobutane rings. Ladderanes are also found in 
nature in the ladderane lipid membranes of certain types of bacteria. Monomer 8 
constructed from 2-furanacrylic acid and 1,5-pentanediol can be a precursor of sustainable 
polyester materials. The double bond conjugated with a carbonyl group in 2-furanacrylic 
acid can be a reacting center for polymerization in solid-state photoreaction. Two reacting 
centers are necessary because the [2 + 2] photoreaction will link the monomers together to 
form linear polyesters (Figure 7). 
 




1.5. Conclusion  
Six monomers were prepared from biomass derivate furfural. The monomers were 
characterized by XRD, P-XRD, and TGA. Seven crystal structures were collected and 
analyzed. Polymorphous crystalline states of monomer 8 were obtained. P-XRD data 
confirmed that the powders of monomer 8 have the same structure with 8a. Conformational 
isomers were observed on monomer 9. TGA showed high thermostability of the monomers. 
The study of the crystalline state of the monomers will benefit scientists who are working 





POLYLADDERANE SYNTHESIZED FROM 1,3-DIENE SYSTEM 
2.1. Introduction 
Ladderanes are unique ladder-like hydrocarbons containing two or more fused 
cyclobutane rings (Figure 8).82 These ladder-like molecules and their derivatives have long 
been regarded as desirable synthetic targets due to their high ring strain and unique 
electronic properties.83-85 These properties give them potential to be used as spacers, rigid 
rods, and optoelectronic devices.86, 87 Ladderanes have been identified in nature as an 
essential component of biosystems called ladderane membrane lipids.88-90 Although the 
biosynthesis mechanism of ladderane membrane lipids is still unknown,91 the discovery of 
these ladder-like molecules has attracted attention from researchers in academia.40, 92, 93  
 
Figure 8. The backbone and stereochemistry of ladderane. left: the backbone of [n + 1]-
ladderane; when two hydrogens between two rings are on the same side is cis- 
configuration. If the two outer rings are on different sides (middle), the ladderane has anti- 




Synthesis of ladderanes is challenging because of the high energy barrier and the ring 
strain.94 The synthesis of ladderane-containing compounds has been achieved by several 
different synthetic approaches such as stepwise addition, [2 + 2] photocycloaddition, and 
oligomerization.83-85,95-97 However, construction of polyladderane, a polymer containing 
the ladderane functional group,  has not been realized even though such unique materials 
are of great interest for their fundamental significance and potential applications in a 
variety of technologies.98-102  
The synthesis of polyladderane was achieved by [2 + 2] photocycloaddition reaction in 
the solid state with a conjugated diene. The main challenge of the solid-state reaction was 
to organize the double bonds in desired reactive orientations. The [2 + 2] 
photocycloaddition has specific reaction parameters: the two double bonds participating in 
the reaction must be separated by less than 4.2 Å and be aligned in parallel.103 The strategy 
of our monomer design was to functionalize one end of the conjugated diene with an 
electron-withdrawing group such as an ester carbonyl group while the other end was 
substituted with an electron-donating group like a methyl group or an aromatic ring. 
Because of electrostatic interactions, conjugated dienes with different end groups prefer to 
pack into a crystal lattice in an electronically-complementary head-to-tail fashion (Figure 
9a).104-107 When two conjugated dienes are linked with an unreactive covalent spacer, the 
resulting gemini monomer will lead to the desired polyladderane (Figure 9b) after the [2 + 





Figure 9. The strategy of polyladderane synthesis from designed gemini monomers. 
 
2.2. Experimental Section 
2.2.1. General Methods 
All the reagents were purchased from Alfa Aesar, Sigma-Aldrich, Acros and used without 
further purification. The light source used for the photopolymerization was a Hanovia 
medium pressure mercury lamp (PC 451050, 450 W). The solution phase nuclear magnetic 
resonance (NMR) spectra were recorded using a Bruker AVANCE 500 MHz spectrometer 






(DMSO-d6). Single crystal X-ray data were recorded on Bruker Kappa Apex II Duo X-Ray 
Diffractometer with Mo Kα (λ = 0.71073 Å) or Cu Kα (λ = 1.54178 Å). Infrared (IR) 
spectroscopy was recorded on Thermo Scientific Nicolet iS5 FT-IR spectrometer. The 
mass spectrometric analyses were performed using a high-resolution time of flight G1969A 
with electrospray (atmospheric pressure chemical) ionization (Agilent, Santa Clara, CA, 
USA) and reported as m/z (relative intensity). Accurate masses are reported for the 
molecular ion [M+Na]+, [M+K]+, [M+NH4]+, or [M]+. Melting points were measured on a 
MEL-TEMP device without correction. The mass spectrometric analyses were performed 
using a high-resolution time of flight G1969A with electrospray (atmospheric pressure 
chemical) ionization (Agilent, Santa Clara, CA, USA) and reported as m/z (relative 
intensity). X-ray powder diffraction (XRD) was performed on a X’PERT-PRO X-ray 
diffractometer (PANalytical, Netherlands) equipped with a 3 KW copper tube X-ray 
generator of λ = 0.1541 nm under 40 mA and 45 KV. Spectrum was collected at room 
temperature in a 2θ range of 3°~35° at a scanning rate of 3°/min. Thermogravimetric 
analysis (TGA) was performed with TA instrument SDT Q600 at a ramping rate 20 oC/min 
under nitrogen protection. Mass spectrum was performed on the instrument of Waters 
SYNAPT G2Si. MALDI was performed on Waters SYNAPT G2-Si Q-TOF with MALDI 
source. 
2.2.2. Synthesis of Monomer 12 
Sorbic acid (10) (1.6 g, 13 mmol), 1,4-butanediol (11) (0.6 g, 6 mmol), DCC (3.0 g, 14 
mmol) and DMAP (2.0 g, 16 mmol) were dissolved in chloroform (20 mL). The mixture 
was stirred at room temperature for 16 h. The mixture was concentrated and purified by 
column chromatography using hexane and ethyl acetate (3 : 1) to give product monomer 
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12 (1.6 g, 86%) as a light yellow solid. M.p.: 69-70 °C, 1H NMR (500 MHz, DMSO-d6): δ 
7.22 (m, 2H), 6.27 (m, 4H), 5.87 (d, J = 15.5 Hz, 2H), 4.10 (t, J = 5 Hz, 4H), 1.81 (d, J = 
5.5 Hz, 6H), 1.67 (m, 4H); 13C NMR (125 MHz, DMSO-d6): δ 166.7 (C), 145.4 (CH), 
139.3 (CH), 129.9 (CH), 118.9 (CH), 63.7 (2CH2), 25.2 (2CH2), 18.8 (CH3); IR: 1700, 
1642, 1616 cm−1; UV/Vis: λmax 259 nm; HRMS (m/z): [M+Na]+ calcd. for C16H22O4Na, 
301.1415; found 301.1423. 
2.2.3. Synthesis of Monomer 7 
The synthesis of monomer 7 has been discussed in Chapter I. 
Intermediate 7b (a dimer of 7): 1H NMR (500 MHz, DMSO-d6): δ 7.53 (s, 2H), 7.00 (d, J 
= 15.5 Hz, 2H), 6.68 (s, 2H), 6.35 (s, 4H), 5.99 (d, J = 15.5 Hz, 2H), 5.0 (s, 2H), 4.17 (d, J 
= 10 Hz, 2H), 4.06 (s, 8H), 3.93 (t, J = 9 Hz, 2H), 3,76 (d, J = 8 Hz, 2H), 1.59 (s, 8H); 13C 
NMR (125 MHz, DMSO-d6): δ 171.1 (C), 165.3 (C), 151.6 (C), 148.2 (CH), 143.4 (CH), 
143.1 (CH), 120.4 (CH), 110.9 (CH), 108.1 (CH), 102.3 (CH), 88.2 (C), 64.4 (2CH2), 64.0 
(2CH2), 48.9 (2CH), 47.0 (2CH), 42.2 (2CH), 25.1 (2CH2), 25.09 (2CH2); HRMS (m/z): 
[M+Na]+ calcd. for C36H36O12Na, 683.2104; found 683.2123. 
2.2.4. Crystallization 
The crystals of 12 were obtained in ethyl acetate at room temperature. Monomer 12 (30 
mg) was dissolved in solvent ethyl acetate (20 mL). The vial with monomer 12 solution 
was covered with a piece of aluminum foil which was punched with several holes. After 
four days’ evaporation, crystals were obtained. The crystals of 7 were obtained in ethyl 
acetate and toluene (1 : 1). The vial was put in an ultrasonic cleaner (Bransonic® Models 
1200) for a half hour. Then the mixture was filtered into a 20 mL vial with filter paper. The 
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vial with the clear solution was allowed to stay without a cover until the crystals were 
formed.  
2.2.5. Photoreaction 
Crystals were irradiated with ultraviolet light on a slide glass. 10 mg of monomer powder 
12 or 7 was scattered on a slide glass and the sample was placed into a photoreactor. The 
process of photoreaction was monitored by FT-IR.  The polymerization was accomplished 
in 36 hours. 
The intermediate 7a was obtained after 12 hours of the UV irradiation. The partial single-
crystal-to-single-crystal (SCSC) transformation was achieved by using 10 mg of single 
crystals instead of the monomer powder 7 in the photopolymerization. X-ray diffraction 
was used to monitor the transformation. 
Dimer [M+K]+ calcd. C36H36O12K, 699.1843; found 699.1871. Trimer [M+K]+ calcd. 
C54H54O18K, 1029.2947; found 1029.3008. Tetramer [M+K]+ calcd. C72H72O24K, 
1359.4050; found 1359.4116. 
 
2.3. Results and Discussions 
The synthetic pathway of a designed polyladderane is shown in Scheme 2. Monomer 12 
was synthesized by connecting two sorbic acids (10) with 1,4-butanediol (11) through an 
esterification reaction. To achieve polyladderane synthesis, the double bonds in the 
monomer molecules must be aligned in a head-to-tail reactive orientation in the solid state. 
To investigate the polymerization process, single crystals of monomer 12 suitable for X-
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ray diffraction analysis were obtained in ethyl acetate. Single crystal structure analysis of 
monomer 12 confirmed that 1,3-dienes in monomers with the same color are packed in the 
desired head-to-tail fashion and are parallel with each other (Figure 10). The separation 
between two 1,3-dienes with the same color is about 3.80 Å, which is suitable for 
photoreaction (< 4.2 Å). As a result, two photocycloaddition reactions occur between 1,3-
dienes forming three fused cyclobutane rings. The crystal packing of monomer 12 also 
shows that 1,3-dienes in monomers with different colors are not overlapped (Figure 10c), 
so they will not react with each other in the solid state.   
 
Scheme 2. Synthesis of polyladderane 12P. a) DCC, DMAP, CHCl3, r.t. 16 h. b) Self-
assembly obtained in ethyl acetate. c) Topochemical photopolymerization with UV 
irradiation.  
 
UV-Vis spectrum shows that monomer 12 has strong absorption in the range 229-303 
nm. The photocycloaddition reaction was carried out with a UV-mercury lamp and 
monitored using FT-IR. The spectra of photoreaction shown in Figure 11 confirmed the 
completion of photoreaction. In FT-IR spectra, the characteristic absorption of C=O 
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stretching at 1704 cm-1 was shifted to 1723 cm-1, which can be attributed to the 
deconjugation of the carbonyl group. Two C=C stretching bands (1640 and 1614 cm-1) 
disappeared after photoreaction, which is consistent with completion of [2 + 2] 
photoreaction. The accomplishment of the photopolymerization was also confirmed by the 
disappearance of bands at 1003 cm−1 associated with the out-of-plane vibration of the C–
H single bonds in the trans-CH=CH unit. The resulting polyladderane 12P was insoluble 







Figure 10. X-ray diffraction analysis of monomer 12. a) Single crystal X-ray structure of 
monomer 12 ORTEP represents a 50% electron density of monomer crystal structure. b) 
The monomer crystal in space-fill style. c) Monomer stacking depicts that like-colored 
monomers are suitable for photocycloaddition reaction. Two solid blue circles show that 
diene segments of the different-colored monomers are not overlapped with each other. d) 
The black dashed lines indicate where new bonds form. (Hydrogen atoms are omitted for 






























Figure 11. FT-IR spectra of monomer 12 and reaction mixture after 10 and 12 h of UV 
irradiation. 
 
While working on the photopolymerization of monomer 12, we noticed that it has a 
relatively low melting point (69-70 oC) and high reactivity at room temperature making it 
difficult to achieve a single-crystal-to-single-crystal (SCSC) transformation, which 
represents a direct way to confirm the polyladderane structure. By judiciously choosing 
and testing different decorating functional groups or the covalent linker in this 
modular approach, the structure and property of the gemini monomer can be tuned. 
To continue studying polyladderane, a furan ring was introduced to stabilize the 1,3-diene 











Monomer 7    
 

















Figure 12. X-ray diffraction analysis of monomer 7. a) Chemical structure of monomer 7. 
b) Single crystal X-ray structure. c) Monomer stacking along the crystallographic ac plane. 
d) Chemical structures to show the spatial orientation of same colored monomers. e) 
Chemical structures show the spatial orientation of the different-colored monomers. 
(Hydrogens are omitted for simplification and colors are introduced arbitrarily for clarity 
in the discussion. Oak Ridge Thermal Ellipsoid Plot (ORTEP) perspective at 50% electron 













The synthesis of monomer 7 (mp: 114-115 oC) was similar to that of monomer 12. The 
single crystal X-ray structure of monomer 7 shows the distance between 1,3- dienes in the 
closest monomers is 3.54 Å, exhibited in Figure 12d. The double bonds in the different-
colored monomers are also parallel to each other, and the distance between them is 3.84 Å, 
which is also within the photoreactive range (< 4.2 Å). However, the distances of 1,3-
dienes with same colors are 8.5 % closer than that of the double bonds in different colors. 
Moreover, the π orbitals of adjacent C=C bonds with the same colors point almost 
directly toward each other, while the π orbitals of neighboring monomers with different 
colors are offset by more than 2 Å.109 This orbital overlap is critical for the locally confined 
reaction in the solid state, which proceeds by the pathway with the smallest movement of 
atoms (Figure 12c-e). Therefore, in monomer 7 the photoreaction prefers to occur between 
1,3-dienes in like-colored monomers. Photoreaction of monomer 7 will result in three fused 
cyclobutane rings to yield polyladderane 7P in the crystalline state.  
UV-Vis spectrum shows a broad absorption of 7 in solid state (241 to 373 nm) 
with a peak absorption around 300 nm. FT-IR spectra were used to monitor the 
photocycloaddition reaction of monomer 7, showing that the reaction was completed 
after 36 hours under UV irradiation. While completion of photoreaction caused 
crystal 7 to become an amorphous solid and lose its crystalline state, partial 
polymerization resulted in the successful capture of a key polyladderane 
intermediate. Analysis of the partial single-crystal-to-single-crystal (SCSC) 
transformation indicated that about 10% of 1,3-dienes in partially polymerized 7a 
were converted to cis,anti,cis-[3]-ladderanes (Figure 13). This partial single crystal 
X-ray structure of polyladderane provides a direct evidence for the aforementioned 
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analysis. Adjacent cyclobutane rings created in the photoreaction formed 





            
Figure 13. Single crystal X-ray structure of intermediate 7a. a) Three monomers with 
corresponding polyladderanes. b) Front view of the cis, anti, cis-[3]-ladderanes. c) Top 
view of the three fused cyclobutane rings.  
 
Another important intermediate obtained during the solid-state photoreaction 
provided additional evidence and insight into polyladderane formation. At the 
beginning of the photoreaction, a small amount of intermediate 7b was successfully 
isolated with 1% yield after column chromatography (Figure 14a). Intermediate 7b 
was characterized by HRMS, 1H and 13C NMR spectrum including COSY and 
DEPT. The structure of 7b was confirmed to be a ladderane dimer of monomer 7. 






7, three new peaks appeared in the spectrum of the dimer around 4 ppm (marked 
with blue stars) corresponding to the three protons on the newly formed ladderane. 
Figures 14c (DEPT-135) and 14d (DEPT-90) suggest that peaks with shifts 42.2, 
47.0, and 48.9 ppm correspond to the three tertiary carbons of the cis,anti,cis-[3]-
ladderane. The peak with chemical shift 88.2 ppm did not appear in DEPT-135 and 
DEPT-90 spectrum but showed in 13C NMR spectrum (Figure 14e), indicating that 
it is a quaternary carbon atom, which corresponds to the carbon marked with a red 
star in the structure of ladderane (Figure 14a). The dimer intermediate 7b was only 
observed at the beginning of the photoreaction. As the photoreaction proceeded, all 
monomers were consumed to produce polyladderane 7P. Dimer, trimer, and 
tetramer were also observed in MALDI analysis at the first 12 h photoreaction. 















Figure 14. Ladderane dimer 7b. a) The chemical structure of 7b. b) 1H-NMR spectrum of 
7. c) blue: DEPT-135 NMR spectrum of 7b. d) red: DEPT-90 NMR spectrum of 7b; e) 
black: 13C-NMR spectrum of 7b. Note: the NMR spectra were taken in DMSO-d6 at room 
temperature. 
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It is worthwhile to mention that the overall synthesis of the polyladderanes is 
facile and mild. The starting materials are inexpensive and many of them, such as 
furfural and 1,4-butanediol, can be derived from renewable resources. In addition, 
the powder XRD patterns of the synthesized monomers 7 and 12, without further 
processing, were nearly identical to those of the corresponding ground single 
crystals 7 and 12, confirming that the powders are microcrystalline. The powder 
XRD results suggest that powders of monomers are also suitable for producing 
polyladderanes 7P and 12P on a larger scale. The recrystallization step can be 
skipped to synthesize both 7P and 12P. 
 
2.4. Conclusion 
A new class of polymer, polyladderane, was constructed stereoregularly from the 
designed gemini monomer through a photocycloaddition reaction under mild 
conditions in the solid state. The carbon−carbon single bonds formed 
stereospecifically during the [2 + 2] photopolymerization were directly revealed by 
the single crystal X-ray structure of a polyladderane intermediate. The isolation and 
characterization of a ladderane dimer in the beginning of the polymerization 
provided additional evidence and insight into polyladderane formation. The 
observation of the dimer, trimer, tetramer in MALDI analysis provided the third 
evidence of synthesized polyladderanes. The successful synthesis of polyladderane 
paves the way for the future study of its unique characteristics such as mechanical 




LINEAR POLYESTER SYNTHESIZED FROM FURFURAL-BASED MONOMER 
3.1. Introduction 
The most popular thermoplastic is polyester because of its impressive strength, 
thermostability, and transparency.117-119 The polyester market underwent rapid expansion 
and there are broad development prospects. For example, polyethylene terephthalate (PET) 
is widely used for making beverage bottles and other plastic containers.110-112 121, 127, 128 In 
fact, the popularity of PET was a long way. It took around 30 years for PET from discovery 
to bottle applications.113 The other reasons for popularity of polyester attribute to its light-
weight, low-cost and reusable ability.114-119 With the limited fossil fuels and increasing 
carbon dioxide emissions, polyesters from sustainable resources are becoming fantastic 
synthetic targets.9-13, 33, 52, 54, 118-126 As one of the promising renewable building blocks, 
furfural has recently attracted more and more attention from academic and industrial 
researchers for synthesizing new materials. 3, 4, 6, 15, 20, 22, 23, 127-129 In fact, an increasing 
number of companies has dedicated to developing sustainable thermoplastics.112, 116, 119, 130-
132  
Solvent-free and solid-state polymer synthesis have been widely accepted by scientists 
under green chemistry conditions.133-137 The advantages of solvent-free reactions are 
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obvious, such as easy operating, low costs, low energy consumption, and reducing 
pollution, which are important in applications of industry.134-139 Moreover, since 
incrystalline state the molecules are regularly pre-organized, the reactions occurred in 
solid-state are more efficient and selective than solution reaction.39, 47, 54, 137, 140-142 Due to 
the pre-organized molecules, the structures of synthesized materials are predictable. Hence, 
solvent-free reactions provide a promising way to design and synthesize new materials with 
complicated structures, which may not be achieved by solution reactions. In solid-state 
reactions, topochemistry plays a crucial role because topochemical synthesis can efficiently 
avoid crosslinking and side reactions. 42, 47, 52, 54, 142-144 
For green chemistry, the using of solar energy in chemistry has a quiet great 
development.36, 145-149 Sunlight, as a natural light resource, is much safer than an ultraviolet 
lamp, which is normally used in photoreactions. Furthermore, sunlight is inexpensive, 
clean, and essentially inexhaustible, which makes the solvent-free polymer synthesis 
process more environmentally friendly. 36, 145, 146, 149 According to the rules of green 
chemistry, a linear polyester based on furfural and it derivate were synthesized through 
solvent-free polymer synthesis. Based on the mass calculation, the bio-ratios of the 
synthesized polyester achieved to 100%. In our study, it has been proven that sunlight is as 




3.2. Experimental Section 
3.2.1. General Methods 
All the reagents were purchased from Alfa Aesar, Sigma-Aldrich and used without further 
purification. The light sources used for the photopolymerization were sunlight and a 
Hanovia medium pressure mercury lamp (PC 451050, 450 W). The optical filter used for 
the photoreaction with mercury lamp was ZRR0340 Red Rejection UV Filter from Asahi 
Spectra USA Inc. The solution phase nuclear magnetic resonance (NMR) spectra were 
recorded with Bruker AVANCE 500 MHz NMR Spectrometer (1H: 500 MHz, 13C: 125 
MHz). All spectra were obtained in deuterium dimethyl sulfoxide (DMSO-d6). Single 
crystal X-ray data were recorded on Bruker Kappa Apex II Duo X-Ray Diffractometer with 
Mo Kα (λ = 0.71073 Å) or Cu Kα (λ = 1.54178 Å). Melting points were measured on a 
MEL-TEMP device without correction. Infrared (IR) spectroscopy was recorded on 
Thermo Scientific Nicolet iS5 FT-IR spectrometer. The mass spectrometric analyses were 
performed using a high-resolution time of flight G1969A mass spectrometer with 
electrospray (atmospheric pressure chemical) ionization (Agilent, Santa Clara, CA, USA) 
and reported as m/z (relative intensity). X-ray powder diffraction (XRD) was performed 
on a X’PERT-PRO X-ray diffractometer (PANalytical, Netherlands) equipped with a 3 
KW copper tube X-ray generator of λ = 0.1541 nm under 40 mA and 45 KV. Spectra were 
collected at room temperature in a 2θ range of 3°~35° at a scanning rate of 3°/min. 
Scanning electron microscope (SEM) and transmission electron microscopy (TEM) were 
recorded with Hitachi SU8010 UHR Cold-Emission FE-SEM. Copper Grids are FCF200-
Cu-50 (Formvar Carbon Film on 200 Square Mesh Copper Grids) and CF213-25 (C-Flat 
1.2 Micron Hole 2 μm Space 200 Mesh). Silicon wafer chips were purchased from West 
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Chester (Silicon Wafer Chip 5×7 mm, PK/186). Thermogravimetric analysis (TGA) was 
performed with TA instrument SDT Q600 at a ramping rate 20 oC/min under nitrogen 
protection.  
3.2.2. Synthesis of 2-Furanacrylic Acid 3 
The synthesis of 2-furanacrylic acid has been discussed in Chapter I. 
3.2.3. Synthesis of Monomer 8 
The synthesis of monomer 8 has been discussed in Chapter I. 
3.2.4. Crystallization 
The crystals of 8 were obtained in DMSO/H2O (3 : 1) at room temperature. Monomer 8 
(20 mg) was added to solvent DMSO/H2O (20 mL). The vial of the suspended mixture was 
put in an ultrasonic cleaner (Bransonic® Models 1200) for a half hour. The mixture was 
filtered into a 20 mL vial with filter paper. The vial with the clear solution was allowed to 
stay without a cover until the crystals were formed.  
3.2.5. Photoreaction 
Crystals were irradiated in sunlight on a slide glass. 10 mg of monomer 8 was scattered on 
a slide glass and the sample was placed outdoors for photoreaction. The process of 
photoreaction was monitored by FT-IR. The photoreaction of monomer 8 was carried out 
in 3 days with 8 h of solar irradiation per day. 
During the UV photoreaction, 10 mg of monomer 8 crystal powder was scattered on a 
glass plate and covered by a ZRR0340 Red Rejection UV Filter. The combined plates with 
the monomer 8 were put in a photoreactor equipped with Hanovia medium pressure 
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mercury lamp (PC 451050, 450 W). Due to its low melting point of monomer 8 (66-67 °C), 
the photoreaction was further cooled with a fan besides the immersion cooling well and the 
polymerization was carried out near room temperature. The polymerization was 
accomplished in 24 h.  
Monomer 8 powder (2.0 g) was scattered on a 2'' × 2'' glass plate and covered by 
ZRR0340 Red Rejection UV Filter. The combined plates with monomer 8 were put in 
photoreactor and the powder was scattered every 2 h until the reaction completed in 24 h. 
For the partial single-crystal-to-single-crystal (SCSC) transformation, 4 mg of single 
crystals were used instead of the monomer powder 8 in the photopolymerization.  The 
intermediate crystal 8c was obtained after 2 days of the UV irradiation.   
 
3.3. Results and Discussions 
Monomer 8 was synthesized from furfural (Scheme 3). The building block of the 
monomer is 2-furanacrylic acid, which can be prepared by Knoevenagel condensation 
between furfural and malonic acid, and followed by decarboxylation. The newly-formed 
exocyclic carbon-carbon double bond (C=C) extended the branch of furfural and will be 
used for the solid-state [2 + 2] photoreaction. A photostable 1,5-pentanediol (13) linker 
was then introduced to connect two 2-furanacrylic acid molecules together to form the new 
monomer 8. An important factor in the selection of 1,5-pentanediol as the linker was that 
both of them can be produced from furfural as well.61, 65, 129 
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Scheme 3. The synthesis of monomer 8. a) Malonic acid, pyridine, 100 oC, 14 h; then HCl. 
b) DCC, DMAP, ACN, r.t., 12 h. c) Topochemcial photopolymerization with 24 h sunlight. 
 
The powder of monomer 8 polymerized under sunlight within 24 hours in the solid state. 
To investigate the solvent-free polymerization, crystals of monomer 8 suitable for single-
crystal X-ray diffraction (XRD) were obtained from DMSO/H2O (3 : 1) at room 
temperature. Powder X-ray diffraction (P-XRD) was used for structural characterization of 
powder monomer 8, which showed that the packing of monomer powder was the same as 
that of the single crystal structure. This indicated that the crystal structure of monomer 8 
was suitable to analyze and interpret the solid state polymerization of both the crystals and 
powder. The crystal structure of monomer 8 reveals that the distance between the closest 
C=C bonds shown with same colors in Figure 15 (colors are introduced arbitrarily for 
clarity in discussion and ease of visualization) is around 3.68 Å. The distance between the 
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closest C=C bonds with the different colors is around 4.14 Å. Because the adjacent C=C 
bonds with same colors are 12.5% closer than different colored double bonds in the crystal 
(3.68 vs. 4.14 Å, Figure 15c), the [2 + 2] photoreaction between the C=C bonds of monomer 




                 
 
Figure 15. Three views of the crystal structure of monomer 8 (hydrogens are omitted for 
simplification and colors are introduced arbitrarily for clarity in the discussion.). a) ORTEP 
perspective at 50% electron density of the monomer 8 crystal structure. b) A side view of 
the crystal packing shown in capped sticks model. The closest C=C bonds are connected 
with dotted lines. c) The distances between C=C bonds in adjacent monomers. The dotted 










Moreover, the  orbitals of adjacent C=C bonds with the same colors are directly 
pointing toward each other while the  orbitals of neighboring monomers with different 
colors are offset by more than 2 Å.  This orbital overlap is critical for the locally confined 
reaction in the solid state, which proceeds with the minimum movement of atoms (Figure 
15b-c). Therefore, the preorganization of the reactive centers in the self-assembly prefers 
that monomer 8 reacts with its two nearest same-colored neighbors to form the linear 
polyester as shown in Scheme 3.42, 151 
 
 
Figure 16. The X-ray single crystal structure of intermediate 8c (The 15% of polymer is 
shown in gray and only part of the monomer/polymer is shown for simplicity.). a) Front 
view of the cyclobutane ring in the crystal. b) A different view of the cyclobutane showing 
the stereoregularity of the polymerization. c) Three monomers with the corresponding 
linear polymeric product. 
 
The X-ray crystal structure with partial polymeric products was consistent with the above 
analysis of spatial approximation of the neighboring C=C bonds. Although crystal 8 lost 






crystal-to-single-crystal (SCSC) transformation was still observed at the beginning of the 
polymerization process. Figure 16 shows the partially polymerized crystal structure with 
15% of the C=C double bonds converted into cyclobutane rings. With the formation of the 
cyclobutane ring, the two carbonyl groups moved closer to adapt to the change of the 
structure in the solid state correspondingly. Meanwhile, the distance between the closest 
different-colored C=C bonds increased for about 0.03 Å. The partial SCSC transformation 
was readily repeatable. In the seven similar SCSC photopolymerization experiments, 
cyclobutane rings were only observed between the same-colored monomers and no 
cyclization was detected between the different-colored monomers. Such excellent 
selectivity can be ascribed to the formation of the cyclobutane ring between the two closest 
monomer arms, which causes a see-saw action whereby other monomer arms are made to 
react with monomers of the same color. 
It is also noteworthy that SCSC experiment shows that monomer 8 underwent [2 + 2] 
photopolymerization in a known stereospecific manner.52, 144 Only one of the five possible 
stereoisomers of the [2 + 2] head-to-tail cyclobutane dimer was observed in all of the seven 
SCSC experiments. This stereospecificity is because topochemical reaction normally 
proceeds with minimum movement of atoms. Stereoregularity is an essential property of 
polymers with stereocenters that directly affects the performance of the polymeric 
materials. Stereoregular polymers normally have many mechanical properties that are 
better than those of corresponding nonstereoregular polymers.152 
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Figure 17. The photopolymerization of monomer 8: FT-IR spectra show that the 
photoreaction was completed in 24 h under sunlight and UV irradiation.   
 
The photopolymerization process was monitored by using FT-IR spectroscopy (Figure 
17).  The changes in FT-IR spectra shows the complete consumption of exocyclic C=C 
bonds, which is consistent with the formation of polyester 8P. The IR spectra of monomer 
8 exhibited a strong band at 1700 cm-1 attributed to the stretching mode of the carbonyl 
groups. A new band appeared after irradiation, which indicated that the chemical 
environment of carbonyl groups was changing due to the de-conjugation (Scheme 3). The 
carbonyl band shifted from 1700 to 1723 cm-1 after 24 h irradiation, which signaled the 
completion of the photoreaction. The accomplishment of the photopolymerization was also 
confirmed by the disappearance of bands at 1637 cm-1 and 966 cm-1 associated with the 
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stretching of the exocyclic C=C double bond and the out-of-plane twisting vibration of the 
C-H single bonds in the trans-CH=CH unit, respectively. If a noteworthy amount of cross-
linking had occurred (the [2 + 2] side photoreaction between monomers with different 
colors), a peak for the unreacted exocyclic C=C bond would have remained in the IR 
spectra after the completion of the photoreaction.52  
The UV-Vis spectrum of monomer 8 showed that a broad absorption range from 250 to 
370 nm in the solid state. The results of FT-IR spectroscopy indicate that the 
photopolymerization processes by sunlight and ultraviolet lamps were nearly identical 
(Figure 17). The photoreaction was so effective that even the small fraction of UV 
irradiation present in sunlight was sufficient to complete the reaction.  
Polyester 8P was found to be insoluble in common organic solvents (e.g., acetone, 
acetonitrile, ethyl acetate, toluene, DMF and DMSO) and acidic conditions (e.g., conc. HCl 
or 1M TFA), but decomposed in conc. aq. KOH solution. TGA of polyester 8P showed 
nearly no weight loss below 150 oC. When the polymeric product was sonicated in water, 
nanofiber was observed under transmission electron microscopy (TEM, Figure 18). 
          
Figure 18. TEM images of the linear polyester 8P after exfoliation. 
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Similar to the design of PET, the novel polyester 8P contains alternating rigid (the 
cyclobutane with two aromatic substituents) and flexible (the linear aliphatic linker) 
moieties in the polyester chain. Considering that the species HO(CH2)nOH (n = 2-4) can 
also be produced from biomass129 and are commercially available, there is an opportunity 
to further tune the properties of the 100% bio-based polyesters according to future 
academic study or industrial production requirements. The scope of this topochemical 




A novel linear polyester was successfully synthesized from a furfural-based monomer 
through solvent-free photoreaction using sunlight or a UV lamp. The locally confined 
topochemicial polymerization process avoided cross-linking. The single crystal X-ray 
structures of the key photoreactive assembly and partially polymerized intermediate proved 
that the monomers underwent stereoregular [2 + 2] photopolymerization in the solid state. 
The newly formed four-membered cyclobutane rings connected monomers in one direction 
that resulted in the linear polyester. FT-IR spectra confirmed the completion of the 
polymerization and showed sunlight was an efficient light source for the photoreaction. 
The polyester was formed from 100% biomass-derived chemicals via a green chemistry 
approach and showed promising chemical and thermal stability. The balance between the 
rigid and flexible moieties in the polyester chain may be fine-tuned using other 
commercially available bio-based diols. This research opens a new means for the 




SYNTHESIS OF TWO-DIMENSIONAL POLYMERS BY TOPOCHEMICAL 
PHOTOPOLYMERIZATION 
4.1. Introduction 
The synthesis of new materials is an essential element in the advancement of modern 
science and technology. The emerging two-dimensional (2D) polymers are valuable 
synthetic targets for their potential applications ranging from membranes to optics.153-161 
2D polymers are regarded as potential synthetic analogs of graphene. Carbon fiber 
represents one of the most influential and practical applications of graphene sheets. 
Because of the exceptional tensile strength, high stability, and light weight of graphene 
sheets, carbon fiber has been used in aerospace, automobile, sporting goods, and civil 
engineering applications.162,163 However, the precise introduction of organic functional 
groups at the atomic level to tune the properties of graphene is difficult due to the harsh 
conditions in preparing graphene.164 Distinct from graphene, a 2D polymer prepared by 
organic synthesis offers more flexibility in structural tailoring and opportunity for atomic 
level structure-property investigations.    
Although there are several reports on preparing 2D polymers and discussing the 
possibilities of using them as porous materials and optics,155-161 their potentials to serve as 
Strong and Lightweight Materials (SLIM) have not been fully realized. In our efforts to 
synthesize SLIM, we have recently achieved polymeric ladders from two-armed symmetric 
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monomers via topochemical polymerization.54 Expanding this approach to the next level, 
we report herein the synthesis and characterization of a stereoregular 2D polymer from 
four-armed symmetric monomers. To construct ladder and 2D polymers, monomers with 
multiple reactive centers are needed. In classic solution phase polymerization, the potential 
for cross-linking between the monomers poses a challenge. We have been exploring one 
aspect of this challenge by pre-organizing the monomers with multiple reactive centers 
using weak intermolecular forces under mild conditions before the 
photopolymerization.54,143, 144     
2D polymers are theorized to be stronger than traditional polymers because each 
monomer is connected with its neighbors by multiple covalent bonds in an organized way. 
Moreover, solid-state polymerization offers a unique opportunity to synthesize 
macromolecules with regio- and stereo-specificity because topochemical reaction normally 
proceeds with minimum movement of atoms.165-169 Stereoregularity is an important 
property of polymers with chiral centers that directly determines the performance of the 
polymeric materials. Stereoregular polymers often have an array of mechanical properties 
that are superior to those of corresponding non-stereoregular polymers.152 However, it is 
challenging to unambiguously characterize the structure of 2D polymer, especially its 
stereochemistry. The novel stereoregular 2D polyester in this article was achieved by the 
photo-curing of a crystalline intermediate and fully characterized by FT-IR spectroscopy, 
solid state NMR, and the product of polymer hydrolysis.   
4.2. Experimental Section 
4.2.1. General Methods 
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All the reagents were purchased from Alfa Aesar, Sigma-Aldrich and used without 
further purification. Thin layer chromatography (TLC) was performed on silica gel W/UV 
200 µm pre-coated plates. The light sources used for the photopolymerization were 
sunlight, a Hanovia medium pressure mercury lamp (PC 451050, 450 W), or sixteen RPR-
3500A lamps in a Rayonet Photochemical Reactor. The solution phase nuclear magnetic 
resonance (NMR) spectra were recorded with Bruker AVANCE 500 MHz NMR 
Spectrometer (1H: 500 MHz, 13C: 125 MHz). All spectra were obtained in deuterium 
dimethyl sulfoxide (DMSO-d6) or deuterium oxide (D2O). For DMSO-d6 or D2O solution, 
the chemical shifts were reported as parts per million (ppm) with tetramethylsilane as a 
standard. Coupling constants were reported in Hertz (Hz). Data for 1H NMR spectra were 
reported as follows: chemical shift (ppm: referenced to parts per million), brs = broad 
singlet, s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, dt = doublet 
of triplets, ddd = doublet of doublet of doublets, p = pentet, h = heptet, m = multiplet, 
coupling constant (Hz), and integration. Single crystal X-ray data were recorded on Bruker 
Kappa Apex II Duo X-Ray Diffractometer with Mo Kα (λ = 0.71073 Å) or Cu Kα (λ = 
1.54178 Å). Melting points were measured on a MEL-TEMP device without correction. 
Infrared (IR) spectroscopy was recorded on Thermo Scientific Nicolet iS5 FT-IR 
spectrometer. The mass spectrometric analyses were performed using a high-resolution 
time of flight G1969A with electrospray (atmospheric pressure chemical) ionization 
(Agilent, Santa Clara, CA, USA) and reported as m/z (relative intensity). Accurate masses 
are reported for the molecular ion [M+Na]+, [M+H]+, [M+NH4]+, or [M]+. X-ray Powder 
Diffraction (XRD) was performed on a X’PERT-PRO X-ray diffractometer (PANalytical, 
Netherlands) equipped with a 3 KW copper tube X-ray generator of λ = 0.1541 nm under 
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40 mA and 45 KV. Spectra were collected at room temperature in a 2θ range of 3°~35° at 
a scanning rate of 3°/min. Differential scanning calorimetry (DSC) was recorded with 
Perkin Elmer Jade DSC with a ramping rate of 10 oC/min under nitrogen protection. 
Heat flow was recorded from both the first heating and cooling curve. 
Thermogravimetric analysis (TGA) was recorded with TA instrument SDT Q600 at 
a ramping rate 20 oC/min under nitrogen protection. Mass spectra were performed 
on the instrument of Waters SYNAPT G2Si. Scanning electron microscope (SEM) and 
transmission electron microscopy (TEM) were recorded with Hitachi SU8010 UHR Cold-
Emission FE-SEM. Copper Grids are FCF200-Cu-50 (Formvar Carbon Film on 200 Square 
Mesh Copper Grids) and CF213-25 (C-Flat 1.2 Micron Hole 2 μm Space 200 Mesh). 
Silicon wafer chips were purchased from West Chester (Silicon Wafer Chip 5×7 mm, 
PK/186).    
4.2.2. Synthesis of Monomer 16 
Cinnamic acid (14) (988 mg, 6.6 mmol), 1,2,4,5-tetrakis(bromomethyl)benzene (15) 
(500 mg, 1.1 mmol), and K2CO3 (921 mg, 6.6 mmol) or Na2CO3 (700 mg, 6.6 mmol) were 
added to dimethyl sulfoxide (50 mL). The mixture was stirred at room temperature for 16 
hours. TLC showed the reaction was completed. Then the mixture was slowly poured into 
ice water (300 mL). The precipitate was filtered and washed with ethanol (50 mL × 2) to 
give product (2E,2'E,2''E,2'''E)-benzene-1,2,4,5-tetrayltetrakis(methylene)tetrakis (3-
phenylacrylate) (16) (670 mg, 84%) as a white solid. M.p.: 188-189 °C; TLC (hexanes : 
ethyl acetate, 3:1 v/v): Rf = 0.54; 1H NMR (500 MHz, DMSO-d6): δ 7.62-7.68 (m, 14H), 
7.31-7.40 (m, 12H), 6.64 (d, J = 20 Hz, 4H), 5.38 (s, 8H); 13C NMR (125 MHz, DMSO-
d6): δ 166.2 (4C), 145.4 (4CH), 135.5 (4C), 134.2 (4CH), 131.7 (4C), 130.9 (4CH), 129.2 
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(4CH), 128.7 (2CH), 117.9 (4CH), 63.5 (4CH2); IR: 1707, 1635, 1575, 1495, 979 cm−1; 
UV/Vis: λmax 275 nm; HRMS (m/z): [M+Na]+ calcd. for C46H38O8Na, 741.24643; found 
741.23698. 
4.2.3. Synthesis of Monomer 20 
Malonic acid (2) (10.0 g, 96.1 mmol) was added slowly to solvent pyridine (40 mL). 
The mixture was stirred at 45 oC until a colorless solution was obtained. 12.7 g (96.1 mmol) 
of trans-cinnamaldehyde was added to the solution at 60 oC and stirred for 10 min. Another 
12.7 g (96.1 mmol) of trans-cinnamaldehyde (18) was added slowly to the solution and the 
solution was allowed to be heated at 80 oC for 14 hours. The reaction mixture was poured 
into ice and HCl solution. The precipitate was filtered to give the crude product. Then the 
crude product was dissolved in EtOAc (500 mL) and washed with brine (300 mL). The 
organic layer was dried to give desired product (2E,4E)-5-phenylpenta-2,4-dienoic acid 
(19) (15.1 g, 91%) as a white solid. 1H NMR (DMSO-d6, 500 MHz): δ 6.01 (d, J = 15 Hz, 
1H), 7.02 (m, 2H), 7.30 (m, 4 H), 7.54 (d, J = 10 Hz, 2 H), 12.26 (s, 1H). 13C NMR (DMSO-
d6, 125 MHz): δ 167.9 (C), 144.6 (CH), 140.1 (CH), 136.3 (C), 129.3 (CH), 129.2 (CH), 
127.5 (CH), 126.9 (CH), 122.6 (CH).  
The (2E,4E)-5-phenylpenta-2,4-dienoic acid (compound 19, 3.8 g, 21.8 mmol), 
1,2,4,5-tetrakis(bromo-methyl)benzene (2.0 g, 4.4 mmol) and CsF (4.0 g, 26.7 mmol) were 
added to DMSO (100 mL). The mixture was heated to 165 oC with stirring for 5 hours. A 
clear and light yellow solution was obtained. TLC showed the starting material 1,2,4,5-
tetrakis(bromo-methyl)benzene had disappeared. Then the mixture was poured into ice-
water (300 mL) and filtered to give the crude product as a yellow solid. The crude product 




phenylpenta-2,4-dienoate) (20) (3.3 g, 90%) as a white solid. M.p.: 204-205 °C; 1H NMR 
(500 MHz, DMSO-d6): δ 7.61 (s, 2H), 7.45-7.46 (m, 12H), 7.31-7.32 (m, 12H), 7.09 (s, 
8H), 6.14 (d, J = 15 Hz, 4H), 5.31 (s, 8H); 13C NMR (125 MHz, DMSO-d6): δ 166.1 (4C), 
145.7 (4CH), 141.3 (4CH), 136.1 (4C), 135.5 (4C), 129.5 (2CH), 129.2 (4CH), 129.2 
(4CH), 127.6 (4CH), 126.6 (4CH), 120.8 (4CH), 63.3 (4CH2); IR: 1704, 1628, 1594, 1448 
cm−1; UV/Vis: λmax 307 nm; HRMS (m/z): [M+Na]+ calcd. for C54H46O8Na, 845.30904; 
found 845.30905. 
4.2.4. Crystallization 
The crystals of 16 were obtained in ethyl acetate. The monomer 16 (20 mg) was added 
to solvent ethyl acetate (200 mL). The vial of the suspended mixture was put in an 
ultrasonic cleaner (Bransonic® Models 1200) for 1 hour at 57 oC. The mixture was filtered 
into a 250 mL Erlenmeyer flask with filter paper. The flask was put on the heating plate 
without cover at 55 oC until the solution evaporated to 20 ml. The rest of the solution was 
transferred into a 20 mL vial. The vial was kept at 55 oC until the crystals formed.  
A photo-stable crystal form of the monomer 16 was also discovered during the solvent 
screening. This photo-stable form was found in DMF by using pure compound 16 after 
column chromatography while the photo-reactive form was obtained in ethyl acetate with 
crude monomer direct from synthesis without further purification. The crystal 20 was 
obtained from DMF at 100 oC. No polymorphism has been observed for monomer 20 so 




4.2.5. Photopolymerization  
Method A, sunlight irradiation: Monomer 16 were irradiated in sunlight on a transparent 
glass slide. 10 mg of ground crystals were evenly scattered on a glass slide and the sample 
was placed outdoors for photoreaction. The process of photoreaction was monitored by 
FT-IR. The photoreaction of monomer 16 was found to be completed after 24 hours, which 
was carried out in 2 days with 12 hours solar radiation per day. The product 16P of 
photoreaction was obtained and it was found to be insoluble in normal organic solvents.   
Method B, UV irradiation: A transparent glass slide which held 10 mg of monomer 16 was 
placed in a photochemical reactor. The photochemical reactor was equipped with a 
Hanovia medium pressure mercury lamp (PC 451050, 450 W) or sixteen RPR-3500A 
lamps. The polymerization reaction was monitored by FT-IR and completed in 24 hours. 
4.2.6. Solid-State NMR 
The solid state 13C NMR spectra were recorded on a 500MHz Bruker Avance III 
spectrometer. 13C cross polarization (CP) magic angle spinning (MAS) spectra were 
recorded at a sample rotation rate of 12.5 kHz using total spinning sideband suppression 
sequence (TOSS).170 Monomer 16 required a recycle delay of 30s. 243 transients were 
accumulated with a total experiment time of approximately 2 hours and 2 minutes. 
Polymer 16P required a recycle delay of 3s. 2187 transients were accumulated with 
a total experiment time of approximately 3 hours and 16 minutes. Monomer 20 
shows high crystallinity yet relatively short relaxation rates on 1H. The monomer 20 





The polymer 16P (100 mg) was added to a solution of KOH (50%, 100 mL). The 
mixture was heated to 100 oC for 16 hours. After cooling to room temperature, the mixture 
was diluted with water (100 mL) and adjusted pH to 2 with concentrated HCl. The aqueous 
solution was extracted with ethyl acetate (100 mL × 3). The combined organic layers were 
dried over sodium sulfate and concentrated. The residue was purified by column 
chromatography eluted with ethyl acetate and hexane (20 : 1) to give pure α-truxillic acid 
(60 mg, yield: 74%) as a white solid. 10 mg of the isolated α-truxillic acid was 
recrystallized in ethanol. The single crystal X-ray structure is disordered and consistent 
with the reported crystal data of α-truxillic acid (17).171 M.p.: 276-277 oC (lit.172, 173 274-
278 oC); 1H NMR (500 MHz, DMSO-d6): δ 12.13 (s, 2H), 7.32-7.37 (m, 8H), 7.24-7.25 
(m, 2H), 4.28 (dd, J = 10 Hz, 10 Hz, 2H), 3.81 (dd, J = 10 Hz, 10 Hz, 2H); 13C NMR 
(125MHz, DMSO-d6): δ 173.01, 139.49, 128.20, 127.68, 126.71, 46.18, 41.06. NMR data 
are consistent with the reported values.174, 175 
A 2-aminoethanaminium salt of the above isolated α-truxillic acid was obtained, in 
which the α-truxillic acid anions showed no disorder. In this experiment, 10 mg of α-
truxillic acid was dissolved in 3 mL of methanol. To the solution was added 0.2 mL of 
ethylenediamine. The mixture was kept at room temperature until the crystals (17a) were 
formed. M.p.: 230-231 oC. 1H NMR (500 MHz, D2O): δ 7.35 (m, 8H), 7.23-7.26 (m, 2H), 
4.18 (dd, J = 7.5 Hz, 7.5 Hz, 2H), 3.70 (dd, J = 7.5 Hz, 7.5 Hz, 2H), 2.91 (s, 8H); 13C NMR 





After the photoreaction of crystals 16 (1 mg), the polymer 16P was added into a mixture 
of DMF (dimethylformamide) and water (5:95, 10 mL). The suspension was heated to 100 
oC for 4 days without stirring. The exfoliation process was monitored by SEM and TEM. 
One drop of the suspension was placed on copper grids and observed by electronic 
microscopy after evaporation of the solvent.  
4.3. Results and Discussions 
In the study, monomer 16 was synthesized in 84% yield by linking four cinnamic 
acid molecules together with 1,2,4,5-tetrakis(bromomethyl)benzene (15) via 
nucleophilic substitution as shown in Scheme 4. The monomer powder 16 
polymerized under sunlight within 24 hours in quantitative yield. To understand the 
solid-state polymerization, we prepared single crystals of the four-armed symmetric 
monomer 16 suitable for X-ray diffraction analysis from ethyl acetate.176 Without 
further processing, the powder XRD pattern of the synthesized monomer 16 was 
nearly identical to that of the ground single crystals confirming that the powder is 
microcrystalline. The powder XRD results showed that the crystal structure of the 
monomer 16 was suitable to analyze and interpret the solid state polymerization of 
both the crystals and powder. The monomers stacked along the crystallographic a 
axis with a repeating distance of 5.8 Å, which was too far for the C=C bonds to react 
with each other along this stacking direction in the solid-state (Figure 19b). 
Meanwhile, the X-ray structure also revealed the intramolecular [2 + 2] 
cycloaddition to be unfavorable because the two pairs of C=C bonds are not 
paralleled and are separated from each other more than 4.2 Å (Figure 19a), which is 
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the minimum viable distance for the [2 + 2] photoreaction in the solid state.42, 177-180 
Nevertheless, the crystal structure completed a two-dimensional assembly based on 
π-π interactions of the conjugated arms between the nearest monomers in the 
crystallographic bc plane.181-186 The four reactive C=C bonds in each monomer were 
all parallel to the double bonds in the closest four adjacent monomers, respectively. 
The distances between the reactive sp2 hybridized carbons in the neighboring 
monomers were approximately 3.9 Å (Figure 19c). In the presence of light, the [2 + 
2] cycloaddition locked the two-dimensional assembly into a covalently bonded 
two-dimensional polymer.187-189 
 
Scheme 4. The synthesis of monomer 16 from cinnamic acid (14) and 1,2,4,5-
tetrakis(bromomethyl)benzene (15).  
 
The sunlight polymerization process was monitored with respect to time using 
FT-IR spectroscopy. The IR spectra in Figure 20a show that the characteristic 
absorption peak of C=O stretching at 1708 cm-1 shifted to 1726 cm-1 in 24 hours due 
to the de-conjugation of the carbonyl group. The disappearance of C=C stretching 
(1637 cm-1) and the out-of-plane twisting vibration of the carbon-hydrogen single 
bonds in the trans-CH=CH (980 cm-1) after the reaction were consistent with 
completion of the [2 + 2] photopolymerization.  
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Figure 19. X-ray single crystal structure of monomer 16 (hydrogen atoms are omitted for 
clarity): a) Oak Ridge Thermal Ellipsoid Plot (ORTEP) representation at 50% electron 
density of the monomer crystal structure showing the intramolecular [2 + 2] cycloaddition 
is unfavorable; b) monomers stacking along the crystallographic a axis showing the C=C 
bonds are too far from each other to react in this direction; c) 2D assembly of the monomers 
in the crystallographic bc plane showing the intermolecular [2 + 2] polymerization is 
favorable (the dotted lines showing where the new C-C bonds form). Reprinted with 
permission from (Wang, Z.; et al., Macromolecules 2015, 48 (9), 2894-2900.). Copyright 
(2015) American Chemical Society. 
The C=C bonds: 
  1) > 4.2 Å  
  2) unparallel 
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The polymer was also successfully obtained through UV irradiation. The UV-
Vis spectra show that monomer 16 absorbed irradiation at values of 240-310 nm in 
an acetonitrile solution and at values of 240-325 nm in the solid state. When an 
optical filter was used to remove the irradiation below 380 nm of a mercury lamp, 
no reaction was observed for monomer 16 in 24 hours. Thus, the 
photopolymerization in the solid state is highly efficient because the low 
concentration of UV irradiation present in sunlight was enough to complete the 
reaction. The IR spectra of polymers obtained from the two different light sources 
were nearly identical (Figure 20). 
Although 2D polymers are interesting synthetic targets and have great potential 
for applications,153-161 the discovery and development of the 2D polymer have 
lagged behind other classic polymers, such as linear and cross-linked polymers. One 
persistent challenge is the characterization of 2D polymers due to poor solubility. In 
this study, a comparison of the solid-state 13C-NMR spectra of the monomer 16 and 
polymer 16P confirmed the formation of the 2D polymer in the crystalline solid by 
showing the disappearance of two olefin peaks at 118 and 146 ppm concurrent with 
the appearance of peaks from cyclobutane around 44 ppm (the three key peaks are 
marked with red stars in Figure 20b). The spectrum of polymer 16P looks rather 
amorphous compared to the sharper resonances of the monomer. 
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Figure 20. a) FT-IR spectra showing the [2 + 2] photopolymerization completed by using 
sunlight or UV irradiation. b) Solid-state 13C-NMR spectra of the monomer 16 and polymer 
16P. Reprinted with permission from Wang, Z.; et al., Macromolecules 2015, 48 (9), 2894-


















Figure 21. The newly formed C-C single bonds are shown by the α-truxillic acid from 
hydrolysis of the 2D polyester: a) the chemical structure of 2D polyester 16P (newly 
formed bonds are in blue and only five repeating units are shown for simplicity); b) the 
chemical structure of α-truxillic acid 17; c) ORTEP representation of the isolated α-truxillic 
acid salt crystal structure. (Ellipsoids displayed at 50% probability and aminium cations 
are omitted for clarity.)  
 
Given the ester structure of the 2D polymer, hydrolysis offers another facile way 
to confirm the macromolecular structure (Figure 21a). The conversion of the 
hydrolysis reaction was nearly 100%. No undimerized cinnamic acid was observed 
in the hydrolysis process, which confirmed the completion of polymerization. The 
a) 
     
b) 
     
c) 
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α-truxillic acid (head-to-tail dimer of cinnamic acid shown in Figure 21b, c was 
isolated as a polymer hydrolysis product in 72% yield after column chromatography 
that directly revealed the newly formed C-C bonds (shown in blue).171, 190, 191 The 
results of hydrolysis unequivocally confirmed the polymerization and displayed 
excellent stereoregularity of the [2 + 2] photopolymerization because only one of 
the five possible stereoisomers of truxillic acid was observed (Figure 21). 
Meanwhile, the absence of β-truxinic acid (head-to-head dimer192) illustrated that 
intramolecular [2 + 2] cycloaddition did not occur.The eight carbon-carbon single 
bonds that each monomer formed with its four adjacent neighbors all resulted in 
chiral centers. All the chiral centers were generated stereospecifically since the 
monomer of this topochemical polymerization can only react with the neighboring 
monomer in a pre-organized way (Figure 20 and 21).165-169    
Different chemical and physical properties of the 2D stereoregular polymer were studied. 
Polymer 16P was insoluble in common organic solvents such as MeOH, CH3CN, Toluene, 
CHCl3 and DMSO. It tolerated bases (e.g., Et3N and NaOH) and acids (e.g., 1 M HCl and 
TFA) at room temperature. However, it was degradable in aqueous potassium hydroxide 
at 100 oC and was oxidized by concentrated sulfuric acid.  
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Figure 22. a) DSC of polymer 16P was operated under nitrogen (20 mL/min) with rate 10 
oC/min; b) SEM image of a multi-layered material of 16P; c) SEM image of an ultra-thin 
polymeric sheet of 16P obtained by exfoliation; d) TEM images of an ultra-thin polymeric 
sheet with cracks and holes after exfoliation; e) TEM images of an ultra-thin polymeric 
sheet obtained by exfoliation.  
a) 
     
b) 
     
c) 
     
d) 
     
e) 




The thermogravimetric analysis of the 2D polymer showed a slight weight loss around 
200 oC. The differential scanning calorimetry curve (DSC, Figure 22a) of polymer 16P 
showed an endothermic peak near 200 oC, but the 2D polymer did not melt even when 
heated at 350 oC. This endothermic peak disappeared during the sequential heating cycles, 
which might indicate an annealing process. The heat released tension built within the 2D 
polymer structure during the photopolymerization reaction due to the restricted movement 
of atoms in the solid state.  
Since there are only weak interactions between the polymeric layers,181-186,193, 194 the 2D 
polymers were exfoliated into extremely thin sheets by heating in a DMF/H2O (5 : 95) 
solution at 100 oC. The scanning electron microscope (SEM) and transmission electron 
microscopy (TEM) images of a multilayered crystal before exfoliation and ultrathin sheets 
after exfoliation are shown in Figure 22b-e. A deepened exploration of this novel polymer 
may expose innovative properties and subsequent possibilities.153, 154, 195 
We also investigated a similar monomer capable of 2D polymerization. Indeed, 
generality is a challenge in solid-state synthesis because topochemicial reactions are often 
sensitive to small structural changes,196, 197 so judicious design and tests are necessary. With 
this in mind, the monomer 20 with two conjugated C=C bonds on each of the four arms 
was synthesized from a cinnamic aldehyde, malonic acid and the same tetrabromo-linker 




Scheme 5. The synthesis of monomer 20 from a cinnamic aldehyde, malonic acid and 
1,2,4,5-tetrakis(bromomethyl)benzene. 
 
The crystal structure of monomer 20 adopted a conformation and packing very 
similar to those of monomer 16 (Figure 23). The monomer 20 also stack along the 
crystallographic a axis with a repeating distance of 5.8 Å, which is too far for the 
conjugated C=C bonds to react with each other by 1,4-polymerization in the solid 
state.12,198 However, the crystals of compound 20 were photoreactive as well and 
polymerized readily in 24 hours upon exposure to UV or sunlight.  Interestingly, 
both the IR and solid state 13C NMR spectra showed that there was still a small 
portion of the olefins that remained untouched after the polymerization stopped 
although all of the C=C double bonds were pre-organized in such way that each 
bond could be photodimerized (Figure 23c).  
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Figure 23. X-ray single crystal structure of the monomer 20 (hydrogen atoms are omitted 
for clarity): a) Oak Ridge Thermal Ellipsoid Plot (ORTEP) representation at 50% electron 
density of the monomer crystal structure showing the intramolecular [2 + 2] cycloaddition 
is unfavorable; b) monomers stacking along the crystallographic a axis showing the C=C 
bonds are too far from each other to react in this direction; c) 2D assembly of the monomers 
in the crystallographic bc plane showing the intermolecular [2 + 2] polymerization is 
favorable (the dotted lines showing where the new C-C bonds could form).  
c) 
     
b     
c     
The C=C bonds: 
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A close examination of the crystal packing showed that there was a competing 
[2 + 2] dimerization for the reaction between the blue and red monomers since they 
were slightly offset (Figure 24, colors introduced arbitrarily for clarity in the 
discussion). Although the olefins were aligned for the formation of the three-
ladderane linkage,82, 88, 199-201 the two C=C bonds closer to the ester groups could 
also react with each other.  Since the separation between the double bonds was about 
0.3 Å shorter in the latter option, it was easier to react. Therefore, two C=C bonds 
close to the phenyl rings were left untouched. The olefins with the same colors were 
aligned well to form the ladderane linkage exclusively and there was no competing 
[2 + 2] dimerization reaction between the blue monomers or the red ones.  
Thus, only two of the eight C=C double bonds in each monomer were left after 
the photopolymerization. This analysis of spatial approximation is consistent with 
the FT-IR and solid state NMR spectra of the polymeric product. The solid state 
NMR spectra of monomer 20 and polymer 20P showed a remarkable amorphous 
broadening of all aliphatic resonances and some broadening of the CH and C=O 
resonances where the aromatic core shows few spectral differences after the 
photopolymerization. Nevertheless, a 2D polymeric matrix was formed after the 








            
 
                   
Figure 24. a) The two competing [2 + 2] dimerization reactions in the solid-state between 
the blue and red monomers (the dotted lines showing where the new C-C bonds could form). 
b) The olefins with the same colors were aligned well to form the ladderane linkage 
exclusively. Reprinted with permission from Wang, Z.; et al., Macromolecules 2015, 48 
(9), 2894-2900. Copyright (2015) American Chemical Society. 
 
4.4. Conclusion 
Stereoregular 2D polyester 16P, which could not be easily obtained by 
alternative synthetic routes, was prepared by topochemical polymerization. The 
locally confined polymerization avoids cross-linking by pre-organizing the multiple 
reactive centers in the solid state.54,143, 144,187-189 The stereoregular 2D polymer 
structure was unambiguously confirmed by revealing the newly formed carbon-
carbon single bonds through the single crystal structure of its hydrolysis product. 
We have also extended the synthetic approach to another monomer with two 
unfavorable 
~ 3.7 Å     
a) 
~ 4.0 Å     
b) 




~ 4.8 Å     ~ 4.0 Å     
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conjugated carbon-carbon double bonds on each of the four arms. The starting 
materials, reagents, and necessary preparations implemented in the experiments 
were inexpensive and common, showing the possibility of scaling up the facile and 
efficient 2D polymer synthesis. The novel stereoregular 2D polyesters have potential 
in a variety of applications. One can envision that the application of such strong and 
lightweight organic materials may usher in the next generation of fuel-efficient 





CYCLOBUTANEDIACID-BASED MONOMERS FOR THE SYNTHESIS OF 
POLYCYCLOBUTANE MATERIALS 
5.1. Introduction 
In spite of inherent ring strain, cyclobutane units are present in a wide range of natural 
products.91, 202-207 Cyclobutane derivatives can be generated in metabolisms and play a 
significant role in biology system.205, 206, 208 It has also been found that cyclobutane 
derivatives can be precursors in drug discovery programs.209-215 Cyclobutane ring has two 
conformations, planar and puckered, which bring the semi-flexible and semi-rigid 
properties.216, 217 This semi-rigid structure of cyclobutane ring can be potentially 
functionalized, which is a feature of drug-target interaction.218-220 In fact, this feature is also 
important for martial design. The derivatives of cyclobutanes have been employed as 
highly useful starting materials in total synthesis.221-227 
On the other hand, diacids have been studied for a long time in material science and are 
widely used in modern materials.120, 228-232 Nylon 66 is an example of a highly successful 
material based on the aliphatic diacid, adipic acid.132, 233, 234 In addition to aliphatic diacids, 
aromatic diacids have also found applications in materials. For instance, terephthalic acid, 
or benzene-1,4-dicarboxylic acid, is a chemical synthesized from compounds in crude 
oil.235-237 It is a key building block in polyethylene terephthalate (PET), which is widely 
used to make plastic beverage bottles (Figure 25).112, 116 Growth in manufacture polyester 
66 
 
fiber has greatly increased the global demand for terephthalic acid, with production 
reaching over 47 million tons in 2012.238-240 Meantime, scientists are trying to find a 
biomass-based diacid that could be used as an alternative to terephthalic acid.241-243 The 
furan-based building block 2,5-furandicarboxylic acid (FDCA) is one of the prime 
candidates and has been named one of the top-12 value-added chemicals for “green” 
chemistry.14, 15 The FDCA based polymer polyethylene 2,5-furandicarboxylate (PEF) is 
being considered as an alternative thermoplastic to PET.241, 243-245  
 
Figure 25. Building blocks for materials synthesis. 
 
Furthermore, diacids also have played an important role in the synthesis of metal-organic 
frameworks (MOFs).246-250 Omar M. Yaghi and his coworkers reported MOF-5 in 2003, in 
which TPA is the main backbone of the structure.251-253 Other diacids, including oxalic, 
malonic, succinic, glutaric, phthalic acids have been used in MOFs as well.247, 248, 252, 254 
Cyclobutane-1,3-diacid (CBDA) previously has not been widely regarded as a building 
block for materials synthesis, because of the concern of its stability caused by ring strain 
of the four-membered ring.216, 255, 256 Compared to five- and six-membered rings, four-
membered rings are indeed more unstable.216, 255, 256 However, this relatively low stability 
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has been found to still be more than enough for using CBDA as a building block in 
materials. For this reason, CBDA has numerous possible applications in the synthesis of 
polymers, MOFs, and more. Herein one of the applications of this new building block is 
demonstrated. In our study, four polyesters were synthesized from CBDA and tests showed 
the polymers to have high thermostability.  
 
Figure 26. The strategy of using CBDA as a building block. Any bifunctional groups that 
can react with carboxylic acid can be used as a linker. 
 
To apply trans-cyclobutane-1,3-dicarboxylic acid in the synthesis of polymers, a linker 
with bifunctional groups, capable of reacting with a carboxylic acid is necessary (Figure 
26). Examples of such linkers are diols, which can be used to synthesize polyesters, and 
diamines, which can be used to prepare polyamides. CBDA with aromatic rings (furan ring, 
benzene ring, etc) is a good building block for polyesters. In our previous work, we have 
introduced furan ring as an aromatic ring to synthesize linear polyester. In this study, either 
trans-2,4-diphenyl-1,3-cyclobutanedicarboxylic acid or α-truxillic acid (CBDA-1) will be 
introduced as a building block for synthesizing polyesters via a traditional method. 
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5.2. Experimental Section 
5.2.1. General Methods 
All chemicals and reagents were purchased from MC&B Manufacturing Chemists, Alfa 
Aesar, Sigma-Aldrich, Matrix and Acros. The light source used for the photodimerization 
was sunlight or a Hanovia medium pressure mercury lamp (PC 451050, 450 W). The 
solution phase nuclear magnetic resonance (NMR) spectra were recorded with Bruker 
AVANCE 500 MHz NMR Spectrometer (1H: 500 MHz, 13C: 125 MHz). All spectra were 
obtained in deuterium dimethyl sulfoxide (DMSO-d6), deuterium water (D2O) or 
deuterium chloroform (CDCl3). Infrared (IR) spectroscopy was recorded on a Thermo 
Scientific Nicolet iS5 FT-IR spectrometer. The mass spectrometric analyses were 
performed using a high-resolution time of flight G1969A with electrospray (atmospheric 
pressure chemical) ionization (Agilent, Santa Clara, CA, USA) and reported as m/z 
(relative intensity). Accurate masses are reported for the molecular ion [M+Na]+, [M+K]+ 
or [M]+. Single crystal X-ray data were recorded on Bruker Kappa Apex II Duo X-Ray 
Diffractometer with Mo Kα (λ = 0.71073 Å) or Cu Kα (λ = 1.54178 Å). Melting points 
were measured on a MEL-TEMP device without correction. Powder X-ray Diffraction (P-
XRD) was performed on an X’PERT-PRO X-ray diffractometer (PANalytical, Netherlands) 
equipped with a 3 KW copper tube X-ray generator of λ = 0.1541 nm under 40 mA and 45 
KV. Spectra were collected at room temperature in a 2θ range of 3°~35° at a scanning rate 
of 3°/min. Differential scanning calorimetry (DSC) was recorded with Perkin Elmer Jade 
DSC with a ramping rate of 10 oC/min under nitrogen protection. Heat flow was recorded 
from both the first heating and cooling curve. Thermogravimetric analysis (TGA) was 
performed with TA instrument SDT Q600 at a ramping rate 20 oC/min under nitrogen 
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protection. MALDI was performed on the instrument of Waters SYNAPT G2Si with 
MALDI source. 
5.2.2. Synthesis of trans-2,4-Diphenyl-1,3-cyclobutanedicarboxylic Acid (CBDA-1) (17) 
Using Solid-state Photodimerization 
CBDA-1 (17). Commercially available trans-cinnamic acid (2.0 g) was scattered on a 10" 
× 10" glass plate. The plate was put outside in sunlight or in a photoreactor with a mercury 
lamp. The process of photodimerization was monitored by FT-IR which showed the 
completion in sunlight was 8 h and in UV was 6 h. 1.96 g of CBDA-1 (17) was obtained. 
M.p.: 276.2-277.5 oC. 1H-NMR (500 MHz, DMSO-d6): δ 12.11 (s, 2H), 7.32-7.37 (m, 8H), 
7.23-7.26 (m, 2H), 4.29 (dd, J = 7.5 Hz, 10.5 Hz, 2H), 3.81 (dd, J = 7.5 Hz, 10.5 Hz, 2H); 
13C-NMR (125MHz, DMSO-d6): δ 173.2 (2C), 139.8 (2C), 128.5 (2CH), 127.9 (2CH), 
127.0 (2CH), 46.5 (2CH), 41.4 (2CH). HRMS (m/z): [M]+ calcd. for C18H16O4, 296.1048; 
found 296.1009. 
5.2.3. Crystallization 
trans-Cinnamic acid (14): 60 mg of trans-cinnamic acid was added to a mixture of ethyl 
acetate and acetonitrile (1:1, 20 mL). The mixture was allowed to stand in the fume hood 
until single crystals were formed. 
CBDA-1 (17): 10 mg of CBDA-1 was dissolved in 20 mL of ethanol. The mixture was 
sonicated for 30 min. The obtained clear solution was allowed to stand at room temperature 
without cover for three days or until the crystals were formed. 
α-Truxillate-dibutylaminium (17b): 20 mg of CBDA-1 was dissolved in DMF (5 mL) in a 
20 mL vial. To this solution was added a mixture of ethanol (5 mL), water (5 mL) and n-
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butylamine (0.5 mL). The mixture was heated to 70 oC with stirring for 10 mins. Crystals 
were obtained in around three days. 1H-NMR (500 MHz, CDCl3): δ 7.36-7.39 (m, 8H), 
7.27-7.29 (m, 2H), 4.20 (dd, J = 7.5 Hz, 10.5 Hz, 2H), 3.72 (dd, J = 7.5 Hz, 10.5 Hz, 2H), 
2.92 (t, J = 7.5 Hz, 4H), 1.55–1.61 (m, 4H), 1.32-1.38 (m, 4H), 0.89 (t, J = 7.5 Hz, 6H); 
13C-NMR (125MHz, DMSO-d6): δ 181.0 (2C), 141.9 (2C), 128.7 (2CH). 127.9 (2CH), 
126.8 (2CH), 49.9 (2CH), 42.9 (2CH), 39.5 (2CH2), 29.0 (2CH2), 19.3 (2CH2), 13.0 (2CH2). 
5.2.4. Synthesis 
General method: 
CBDA-1 (17) (1.0 g, 3 mmol), ethylene glycol (0.2 g, 3 mmol), N,N'-
dicyclohexylcarbodiimide (DCC, 0.7 g, 3.6 mmol) and 4-dimethylaminopyridine (DMAP, 
0.5 g, 4 mmol) were added to solvent acetonitrile (ACN, 20 mL). The mixture was stirred 
at room temperature for 20 h and then poured into 20 mL of chloroform. The mixture was 
filtered via column chromatography to give product poly(ethylene-α-truxillate) (PEAT, 1.0 
g, 87%) as a white solid. 
Poly(ethylene-α-truxillate) (PEAT) (21P): 
MS [M+Na]+: 989.3472, 1051.3832, 1311.4465, 1373.5010, 1633.5853, 1695.6365; 1H-
NMR (500 MHz, CDCl3): δ 7.16-7.31 (m, 10H), 4.37-4.41 (m, 2H), 3.88-3.92 (m, 2H), 
3.45-3.56 (m, 2H), 3.33-3.34 (m, 2H); 13C-NMR (125MHz, CDCl3): δ 171.4, 138.9, 130.4, 
128.4, 127.4, 127.3, 66.3, 62.2, 61.7, 60.9, 46.5, 41.3, 29.7. 
Poly(1,4-butylene-α-truxillate) (PBAT) (22P): 
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MS [M+Na]+: 1073.4794, 1423.6332, 1513.6512, 1773.7697, 1863.8007, 2123.8440, 
2213.9534; 1H-NMR (500 MHz, CDCl3): δ 7.20-7.33 (m, 10H), 4.41 (dd, J = 7.5 Hz, 10.5 
Hz, 2H), 3.89 (dd, J = 7.5 Hz, 10.5 Hz, 2H), 3.46-3.57 (m, 4H), 0.89-0.92 (m, 4H); 13C-
NMR (125MHz, CDCl3): δ 171.8, 138.8, 128.4, 127.5, 127.1, 63.8, 46.8, 41.4, 24.5. 
Poly(1,5-pentylene-α-truxillate) (PPAT5) (23P): 
MS [M+Na]+: 1115.4766, 1219.5552, 1479.7136, 1588.7213, 1843.8148, 1947.8933, 
2207.9763; 1H-NMR (500 MHz, CDCl3): δ 7.20-7.31 (m, 10H), 4.43 (dd, J = 7.5 Hz, 10.5 
Hz, 2H), 3.93 (dd, J = 7.5 Hz, 10.5 Hz, 2H), 3.56-3.66 (m, 4H), 1.04-1.10 (m, 4H), 0.76-
0.77 (m, 2H); 13C-NMR (125MHz, CDCl3): δ 171.9, 138.8, 128.3, 127.5, 127.1, 64.2, 46.7, 
41.4, 27.7, 21.8. 
Poly(1,6-hexylene-α-truxillate) (PHAT) (24P): 
MS [M+Na]+ : 1157.5259, 1275.6173, 1535.7283, 1653.8168, 1913.9023, 2031.9886, 
2292.0740; 1H-NMR (500 MHz, CDCl3): δ 7.20-7.30 (m, 10H), 4.45 (dd, J = 7.5 Hz, 10.5 
Hz, 2H), 3.95 (dd, J = 7.5 Hz, 10.5 Hz, 2H), 3.68-3.72 (m, 2H), 3.59-3.62 (m, 2H), 1.13 (s, 
4H), 0.88 (s, 4H); 13C-NMR (125MHz, CDCl3): δ 171.9, 138.8, 128.3, 127.5, 127.1, 64.4, 
46.8, 41.4, 28.0, 25.2. 
5.3. Results and Discussions 
In this study, an example of CBDA, trans-2,4-diphenyl-1,3-cyclobutanedicarboxylic 
acid (CBDA-1) (17), will be demonstrated. Although CBDA-1 has been observed for 
decades,52, 108, 257 using CBDA-1 as a building block has not been studied because of the 
relatively unstable cyclobutane ring. Whereas thermogravimetric analysis (TGA) showed 
CBDA-1 can be stable at temperature 275 oC and lost 5% weight at 307 oC (Figure 27a). 
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The weight loss in TGA before 330 oC may due to evaporation because CBDA-1 will melt 
at around 276 oC. CBDA-1 lost all weight at 378 oC. Between 307 and 378 oC, it lost 95% 
weight which suggested that CBDA-1 totally decomposed among these temperatures. DSC 
showed CBDA-1 was melt before 300 oC and started decomposing at 330 oC in the first 
heating process (Figure 27b). After decomposition, DSC showed nothing changed in the 
first cooling and second heating processes. The DSC analysis is consistent with TGA 
results. TGA and DSC results indicated that CBDA-1 is stable enough to be used in 
materials. Therefore, CBDA-1 could be a broad building block for materials. 
CBDA-1 can be synthesized from trans-cinnamic acid directly in sunlight through a 
photodimerization reaction.52, 108, 257 In fact, cinnamic acid has two forms, cis and trans 
isomers, but the trans form is dominant, existing nature in a number of plants.258-260 Using 
CBDA-1 as a building block is not only beneficial because it can be produced from bio-
based chemicals, but also because it has a rigid structure, clarity, and high thermostability. 
These features of CBDA-1 can enhance the physical properties of synthesized polyesters 
such as transparency and glass transition temperature (Tg).53, 75, 112, 116 Based on these 
advantages of CBDA-1, several semi-rigid, semi-flexible polyesters have been developed 
from CBDA-1 by linking it with flexible-chain diols in this study. The strategy used in 
synthesizing the building block CBDA-1 from trans-cinnamic acid in this work was 
solvent-free [2 + 2] photodimerization reaction by irradiation in sunlight or ultraviolet. 
Solid state synthesis has many advantages including no waste, low energy consumption, 















































Figure 27. TGA (a) and DSC (b) analysis of building block CBDA-1. 
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The synthesis of poly-α-truxillate started from the photodimerization reaction of trans-
cinnamic acid (Scheme 6). As a building block, CBDA-1 was connected with different 
linear diols such as ethylene glycol, 1,3-propanediol, 1,4-butanediol, 1,5-petanediol, and 
1,6-hexanediol through a condensation reaction. The above diols can be obtained from 
biomass as well, which makes it possible to achieve a 100% bio-ratio in the polyesters.14 
 
Scheme 6. The synthesis of CBDA-1 and poly-α-truxillate. a) The commercially available 
trans-cinnamic acid is in α-form (head-to-tail packing). Further crystallization processes 
are not necessary. b) DCC, DMAP, ACN, r.t., 18 h. 
 
To investigate the packing of commercial trans-cinnamic acid, single crystals of 
purchased trans-cinnamic acid were obtained in a mixed solvent of ethyl acetate and 
acetonitrile (1 : 1). X-ray diffraction analysis indicated that the packing of commercial 
trans-cinnamic acid is α-form (head-to-tail) (Figure 28a). The head-to-tail packing also can 
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be obtained in a variety of solvents such as acetonitrile, acetone, toluene, etc. This result is 
consistent with the reported phenomenon that head-to-tail packing is the dominant packing 
method for trans-cinnamic acid. Powder X-ray diffraction of the commercial trans-
cinnamic acid gave almost the same results as the single crystal simulation, proving the 
commercial trans-cinnamic acid has the same structure as the single crystal structure. 
(Figure 28c). Consequently, the commercial trans-cinnamic acid powder can be used to 
produce the building block CBDA-1 directly without further recrystallization. 
After confirming the packing of commercial trans-cinnamic acid, the powder of trans-
cinnamic acid was put outside in sunlight for 12 h to produce the building block CBDA-1. 
The photodimerization process was monitored by FT-IR and NMR. Both of them showed 
the completion of the photodimerization with a yield of 98%. The 2% loss may have been 
due to sublimation of trans-cinnamic acid. To characterize the structure of the obtained 
CBDA-1, a single crystal was obtained in ethanol. However, the X-ray diffraction result 
showed a highly disordered structure which has been reported.52, 257 To get a legible single 
crystal structure of CBDA-1, a salt of CBDA-1, α-truxillate-dibutylaminium was prepared 
in solvents of ethanol/water/dimethylformamide (1 : 1 : 1), and butylamine. A salt will not 
destroy nor change the structure of CBDA-1, but can be used to avoid the disorder of 
CBDA-1 molecules. Figure 28 shows three views of synthesized CBDA-1. The single 
crystal X-ray structure clearly showed the newly formed cyclobutane ring and the 
configuration. Two carboxylic groups are on opposite side of the cyclobutane ring which 
makes it suitable for chain construction. 
 































Figure 28. The study of commercial trans-cinnamic acid and its α-form dimer. a) Single 
crystal X-ray structure of trans-cinnamic acid with α-form packing (head-to-tail), which is 
suitable for the photodimerization reaction. b) Single crystal X-ray structure of α-truxillate 
which revealed the newly formed cyclobutane ring. c) Powder XRD comparison of single 
crystal simulation (black line) and powder trans-cinnamic acid (red line). Note: Oak Ridge 
Thermal Ellipsoid Plot (ORTEP) represents at 50% electron density of monomer crystal 






The obtained CBDA-1 was connected with each other by linear diols through a 
condensation reaction. Five poly-α-truxillate were produced, poly(ethylene-α-truxillate) 
(PEAT), poly(propylene- α-truxillate) (PPAT3), poly(1,4-butylene- α-truxillate) (PBAT), 
poly(1,5-pentylene- α-truxillate) (PPAT5), poly(1,6-hexylene- α-truxillate) (PHAT), 
among which PPAT3 is a liquid. All poly-α-truxillates were expected to be fully 
amorphous. However, powder X-ray diffraction patterns of these four poly-α-truxillates 
(PPAT3 not included) showed that the polymers are semi-crystalline. PPAT 3 is a liquid at 
room temperature.  

















Figure 29. The plot of first and second heating Tg of poly-α-truxillate against carbon chain 




Differential scanning calorimetry (DSC) revealed the glass transition temperature (Tg) 
of four polyesters. Figure 29 shows a decreasing trend of Tgs when the carbon chain length 
was increased. Tg of PEAT is 81 oC whereas Tg of PPAT is 64 oC. The trend shown in the 
Tgs may be attributed to the increasing flexibility of longer carbon chains, with increasing 
chain length. It is easier for the polyester to rotate or twist. After the first heating and 
cooling process, in the second heating process, the DSC curve showed an obvious 
decreasing trend of Tgs. Compared with the first heating Tg, the second heating Tgs showed 
lower temperatures. This phenomenon may be due to the annealing effect of the first 
heating process. After heating polyesters to 250 oC, they will be scattered and mixed 
equally, which may lead the decreasing Tgs. 
 
Figure 30. a) The repeating unit of PEAT. b) and c) Cycled PEAT and chain PEAT. 
 
Two series of peaks in mass spectra of PEAT were observed (Figure 30). They have a 
repeating unit with m/z = 322.12 that corresponds with the unit mass of PEAT (C20H18O4 
m/z = 322.12). One repeating peak of PEAT is ‘m/z = 322.12×n + 22.99 (Na)’ which 
indicates that some cycled polyesters exist in the product. For example, a trimer was 
observed with ‘m/z = 322.12×3 + 22.99 = 989.35’. Another repeating peak of PEAT is ‘m/z 
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= 322.12×n + 62.04 (end-group) + 22.99 (Na)’. This result suggests there are chain 
polyesters with end-group HO-(CH2)2- and –OH that exist in the product. For example, 
‘m/z = 322.12×3 + 62.04 + 22.99 = 1051.39’. The MS analysis of PEAT revealed both 
chain and cycled fragments are present in PEAT. This phenomenon of two different 
repeating peaks in MS spectra was also observed in PBAT, PPAT5, and PHAT.  























Figure 31. Thermostability test of poly-α-truxillate esters. TGA results were recorded from 
30 oC to 600 oC with a heating rate of 20 oC min-1 under an N2 atmosphere. 
 
Thermogravimetric analysis (TGA) shows that the synthesized poly-α-truxillate esters 
have higher stability than the building blocks. Although DSC showed the Tg decreased as 
the carbon chain length increased, there is no dramatic stability difference between these 
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polyesters (Figure 31). The decomposition of poly-α-truxillate polyesters occurred around 
395 oC. As the temperature kept going up, the polyesters fully decomposed at around 450 
oC. Compared with PET, the poly-α-truxillate esters have similar thermostability but have 
a 100% bio-ratio.  
 
5.4. Conclusion 
A new building block CBDA is introduced in this study. A series of semi-flexible 
polyesters have been successfully synthesized from the building block CBDA-1. 
Commercial trans-cinnamic acid has been confirmed to have a head-to-tail packing pattern 
which is suitable for easy producing CBDA-1. The X-ray diffraction result is consistent 
with previous reports that the head-to-tail packing of trans-cinnamic acid is the dominant 
packing way. Solvent-free [2 + 2] photodimerization provided a convenient method for 
synthesis CBDA-1 from trans-cinnamic acid. Several polyesters have been presented in 
this work, which shows CBDA-1 is a promising building block for polyesters. DSC data 
showed the glass transition temperature decreased as the carbon chain length increasing. 
TGA revealed the thermal properties of the newly synthesized polyesters and showed 
similar thermostability to PET. These studies proved that CBDA-1 can be a promising 
replacement of terephthalic acid. As a building block, CBDA provides a new opportunity 





SUMMARY AND OUTLOOK 
Polycyclobutanes (PCBs) are the polymers with cyclobutane rings as their building 
blocks or backbone.42, 44, 47, 108, 140, 261-268 In spite of inherent ring strain, cyclobutane units 
are present in a wide range of natural products.91, 202-207 The cyclobutane derivatives can be 
generated in metabolisms and play a significant role in the biological system.205, 206, 208-215 
Cyclobutane ring has two conformations, planar and puckered, which bring the semi-
flexible and semi-rigid properties.216, 217 The semi-rigid structure of cyclobutane ring can 
provide PCBs semi-flexible characteristics which may change their chemical or physical 
properties. Cyclobutane rings can be easily formed via [2 + 2] cycloaddition.91, 203, 218, 224, 
225, 269, 270 The most popular approach to preparing cyclobutane derivatives is a 
photochemical process.92, 270 When reactions occur in the solid-state, they avoid organic 
solvents and harsh conditions which create a more environmentally-friendly setting for 
synthesizing particular compounds.40, 92, 96, 165, 271, 272  
This dissertation described the work on PCBs in a classical way. To construct PCBs, 
diolefins are necessary. Therefore, gemini monomers with diolefins were introduced to 
construct PCBs. When the double bonds on gemini monomers are in a suitable orientation, 
they will undergo the [2 + 2] photocycloaddition reaction with irradiation in the crystalline 
state. Two PCBs, linear polyester, and polyladderane, were synthesized from gemini 
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monomers and the structures were confirmed by SCSC results (Figure 32a and b). PCBs 
also can be applied to 2D polymers. Two 2D polymers were synthesized from cinnamic 












Since many scientists in academia and industry are not familiar with solid-state 
photoreactions, several PCBs were synthesized by the classical solution polymerization 
process. CBDA, which is a cyclobutane diacid, has been regarded as a building block for 
the synthesis of PCBs. An example of CBDA was introduced to illustrate how PCBs can 
be prepared in a solution reaction (Figure 33). Firstly, CBDA-1 was synthesized in solid-
state via photodimerization reaction. The thermal and chemical stability of CBDA-1 
indicated that it was a good building block to synthesize PCBs in solutions. Four PCBs 
examples PEAT, PBAT, PPAT5, and PHAT were successfully prepared from CBDA-1 via 
solution polymerization.  
 
Figure 33. PCBs synthesized via classical solution polymerization. 
 
This dissertation demonstrated two different approaches to synthesize PCBs. Both solid-
state reaction and the conventional organic synthesis are reliable methods in PCBs 
synthesis. PCBs with semi-flexible structures showed high thermostability and chemical 











                                                            




                                                              




                                                              




                                                             




                                                         




                                                       




                                                              




                                                                   
Figure 41. 13C-NMR spectrum of monomer 6 in DMSO-d6 at room temperature. 
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Figure 43. 13C-NMR spectrum of monomer 7 in DMSO-d6 at room temperature. 
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Figure 47. 13C-NMR spectrum of monomer 9 in DMSO-d6 at room temperature. 
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Figure 49. 13C-NMR spectrum of monomer 12 in DMSO-d6 at room temperature. 
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Figure 96. FT-IR spectrum of monomer 6. 
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Figure 111. UV-Vis spectrum of monomer 7 in ethanol. 
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Figure 121. Powder-XRD spectrum of monomer 5. 
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Figure 134. DSC data of 22P. 
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Figure 135. DSC data of 23P. 
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Table 1. Crystal data in gemini monomer synthesis 
Monomer 4 5 6 8b 9 
Formula C15H12O6 C16H14O6 C17H16O6 C19H20O6 C20H22O6 
FW 288.25 302.27 316.30 344.35 358.38 
Crystal 
system 
Monoclinic Monoclinic Monoclinic Triclinic Triclinic 
Space group P21/n P21/c C2/c P-1 P-1 
Temperature 
(K) 
100 296 100 100 296 
a (Å) 7.8854(3) 7.7394(3) 20.653(3) 8.4565(16) 7.8318(3) 
b (Å) 40.4674(16) 10.9097(4) 5.6096(9) 9.2121(18) 10.8235(4) 
c (Å) 16.8200(6) 8.8568(3) 14.800(2) 12.338(2) 11.2825(4) 
α (o) 90.00 90.00 90.00 75.225(4) 101.076(2) 
β (o) 93.449(2) 108.636(2) 113.089(2) 73.326(4) 92.579(2) 
γ (o) 90.00 90.00 90.00 72.042(4) 93.722(2) 
Volume/Å3 5357.6(4) 708.61(5) 1577.3(4) 861.1(3) 934.98(6) 
Z 15 4 8 2 2 
ρcalc 
[g/cm3] 
1.344 1.417 1.332 1.328 1.273 
μ [mm-1] 0.105 0.923 0.102 0.099  
Radiation 
Type 
MoKα (λ = 
0.71073) 
CuKα (λ = 
1.54178) 
MoKα (λ = 
0.71073) 
MoKα (λ = 
0.71073) 
MoKα (λ = 
0.71073) 








18290 1250 1831 3551 5457 
No. of refl. 
(I ≥ 2σ) 
10047 1134 1501 2349 4978 
R1/wR2 (I ≥ 
2σ) [%] 
12.21/28.86 3.22/8.67 3.35/7.92 5.70/13.76 3.88/10.61 
R1/wR2 (all 
data) [%] 





Table 2. Crystal data in polyladderane synthesis 
Crystals Monomer 12 Monomer 7 Intermediate 7a 
CCDC # 1497738 1497739 1497740 
Formula C16H22O4 C18H18O6 C18H18O6 
FW 278.34 330.33 330.33 
Cryst. Size [mm] 0.30 × 0.45 × 0.60 0.42 × 0.20 × 0.14 0.20 ×0.50 ×0.60 
Crystal system Monoclinic Monoclinic Monoclinic 
Space Group P 21/c P 21/n P 21/n 
a (Å) 8.7284(3) 7.7051(12) 7.7931(9) 
b (Å) 10.1310(3) 10.1944(15) 10.1473(12) 
c (Å) 9.4962(3) 10.2350(15) 10.1541(11) 
α (o) 90 90 90 
β (o) 113.872(2) 92.879(2) 91.361(8) 
γ (o) 90 90 90 
V (Å3) 767.89(4) 802.9(2) 802.75(16) 
Z 4 4 4 
Temp. (K) 100 (2) 103.(2) 100(2) 
ρcalc [g/cm3] 1.204 1.366 1.367 
μ [mm-1] 0.085 0.103 0.103 
Radiation Type MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 
F(000) 300 348 348 
No of measured refl. 2783 9145 4977 
No of independent 
refl. 
881 1873 2280 
No of refl. (I ≥ 2σ) 831 1502 2004 
R1/wR2 (I ≥ 2σ) [%] 5.45/2.35 3.54/8.19 9.31/26.41 





Table 3. Crystal data in linear polyester synthesis 
Crystals Monomer 8a Intermediate 8c 
CCDC # 1406681 1408218 
Formula C19H20O6 C19H20O6 
FW 344.35 344.35 
Cryst. Size [mm] 0.33 × 0.16 × 0.05 0.51× 0.45 × 0.22 
Crystal system Orthorhombic Orthorhombic 
Space Group Pna21 Pna21 
a (Å) 23.0884(7) 22.9356(9) 
b (Å) 10.4956(4) 10.4908(4) 
c (Å) 7.3329(2) 7.3765(3) 
α (o) 90 90 
β (o) 90 90 
γ (o) 90 90 
V (Å3) 1776.96(10) 1774.88(12) 
Z 4 4 
Temp. (K) 100(2) 100(2) 
ρcalc [g/cm3] 1.287 1.289 
μ [mm-1] 0.798 0.096 
Radiation Type CuKα (λ = 1.54178) MoKα (λ = 0.71073) 
F(000) 728.0 728.0 
No of measured refl. 9555 10826 
No of independent refl. 3093 3498 
No of refl. (I ≥ 2σ) 2832 2804 
R1/wR2 (I ≥ 2σ) [%] 3.15/7.91 5.35/11.51 





Table 4. Crystal data in two-dimensional polymer synthesis 




aminium salt  
Monomer 20 
CCDC # 986273 986274 1005428 1033829 
Formula C46H38O8 C18H14O4 C44H68N8O10 C54H46O8 
FW 718.76 294.29 869.06 822.91 
Cryst. Size [mm] 
0.20 × 0.35× 
0.50 
0.22 × 0.05 ×0.02 
0.37 × 0.34 × 
0.11 
0.20 × 0.25 × 
0.60 
Crystal system Triclinic Monoclinic Monoclinic Triclinic 
Space Group P-1 C2/c P21/n P-1 
a (Å) 5.8035(6) 15.7822(6) 9.2260(3) 5.8334(2) 
b (Å) 12.8761(15) 5.6013(2) 20.5019(8) 14.4688(5) 
c (Å) 13.1702(13) 16.2750(5) 24.2730(9) 14.4800(5) 
α (o) 66.778(4) 90 90 119.6010(10) 
β (o) 82.336(5) 99.255(3) 96.132(1) 90.053(2) 
γ (o) 86.696(5) 90 90 95.149(2) 
V (Å3) 896.34(17) 1420.00(9) 4565.0(3) 1056.90(6) 
Temp. (K) 100(2) 100(2) 100(2) 100(2) 
ρcalc [g/cm3] 1.331 1.377 1.265 1.293 
μ [mm-1] 0.091 0.801 0.738 0.086 
Radiation Type 
MoKα (λ = 
0.71073) 
CuKα (λ = 
1.54178) 
CuKα (λ = 
1.54178) 
MoKα (λ = 
0.71073) 
F(000) 378 616 1872 434 
No of measured refl. 8576 4256 63605 16036 
No of independent 
refl. 
3618 1231 8043 6064 
No of refl. (I ≥ 2σ) 3287 1091 6544 5137 
R1/wR2 (I ≥ 2σ) [%] 3.76/9.14 5.02/13.45 6.87/20.1 4.49/5.43 
R1/wR2 (all data) 
[%] 





Table 5. Crystal data in CBDA synthesis 
Crystals 14 α-Truxillate-dibutylaminium 
Formula C9H8O2 C26H38 N2O4 
FW 148.15 442.59 
Cryst. Size [mm] 0.222 × 0.174 × 0.055 0.28 × 0.134 × 0.071 
Crystal system Monoclinic Triclinic 
Space Group P21/n P -1 
a (Å) 5.5531(4) 6.1635(4) 
b (Å) 17.5178(13) 9.3500(5) 
c (Å) 7.7056(6) 10.8383(7) 
α (o) 90 98.597(3) 
β (o) 96.267(6) 91.331(5) 
γ (o) 90 96.895(3) 
V (Å3) 745.11(10) 612.57(7) 
Z 4 2 
Temp. (K) 103 101 
ρcalc [g/cm3] 1.321 1.200 
μ [mm-1] 0.764 0.641 
Radiation Type CuKα (λ = 1.54178) CuKα (λ = 1.54178) 
F(000) 312.0 240.0 
No of measured refl. 3308 1981 
No of independent refl. 1237 1981 
No of refl. (I ≥ 2σ) 1016 1621 
R1/wR2 (I ≥ 2σ) [%] 4.07/11.12 6.45/16.82 
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